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ABSTRACT 
The importance of biosecurity is ever increasing within the animal feed industry.  
Salmonella is a major microbial hazard that can persist within animal feed and cause human 
illness.  The risk of Salmonella contamination can be reduced by killing pathogens through heat 
treatment as a function of processing temperature and time. A retentioner is a device used to 
extend the time that animal feed is exposed to desired treatment temperature resulting from 
steam conditioning. The overall objective of this research was to improve biosecurity practices in 
feed manufacturing by ensuring effective steam conditioning and retentioning treatment, and 
preventing recontamination during the drying, cooling and transfer process.  This objective was 
achieved by (1) conducting pilot plant trials measuring the radial and longitudinal temperature 
distribution of the feed during retentioning, (2) developing, validating, and applying a transient 
thermal model of conduction heating within a retentioner, (3) analyzing steam usage for 
conditioning, and (4) designing a pneumatic transfer system to simultaneously transport, dry, and 
cool feed after processing to prevent contamination. 
Two sets of experimental trials measuring the longitudinal and radial temperature within 
a pilot scale retentioner were conducted. Three retention times (90, 180, and 240 seconds) were 
tested with two heating mat settings (on/off). Retentioning was found to be the most effective 
when a high steam flow rate was used for conditioning and the heating mats were turned on. For 
both experimental trial sets, the use of the heating mats resulted in a more stable radial 
temperature profile of the feed mash throughout the retentioner. A transient thermal model of the 
retentioner was created and the temperature data from the experimental trials was used to 
validate the model. The validated model was then applied to the largest commercial scale 
retentioner and inferences about scale up were analyzed. The largest retentioner model showed a 
xiii 
similar trend to the pilot scale model as temperatures varied (by up to 8%) only within 30 mm 
from the retentioner wall. The model was successfully applied and can be useful in predicting 
conditions during scale up to larger retentioner sizes. Steam conditioning greatly influences 
temperature and moisture homogeneity of feed mash ahead of the retentioner and/or pellet press 
but its influence on feed quality and safety is often not well understood.  A mass and energy 
balance of steam conditioning from two sets of experimental trials was conducted. An average 
steam utilization of 70% was determined with 90% agreement between the steam energy 
exchange and the increase in feed mash temperature moisture content. A spreadsheet-based tool 
was created to help feed mill operations professionals to analyze steam energy utilization and 
optimize feed mash conditioning, retentioning and pelleting. Industry guidance for pellet mill 
capacity versus steam requirement were revised and updated to reflect larger pellet mill 
capacities and improve understanding of steam utilization. “What-if” scenarios illustrated that 
when controlling both steam flow rate and pressure drop between the boiler and the conditioner, 
the lowest energy costs occur when the initial product temperature is high, the specific heat is 
low, and the steam enthalpy is high. The lowest amount of steam needed for the “what-if” 
scenarios occurred when the inlet product temperature was high, the specific heat was low, and 
the enthalpy of the steam was high (low pressure drop). 
A design for a pneumatic conveying system has been proposed to dry and cool feed mash 
or pellets and maintain their safety after heat treatment as an alternative to a conventional 
counterflow cooler and bucket elevator system proposed for the new Iowa State University feed 
mill. The 5 t/h dilute-phase, positive pressure system can dry feed from 17 to 13.5% moisture 
and cool feed from 185°F (85°C) to near ambient temperature. A techno-economic analysis 
compared the designs and found that the pneumatic system was 148% more costly with respect 
xiv 
to fixed capital (434%) and variable (72%) costs. However, the proposed system would reduce 
the risk for recontamination of feed after hydrothermal processing, and enhance the potential for 
biosecurity and human safety at the new Iowa State University feed mill.  
 
1 
CHAPTER 1.    GENERAL INTRODUCTION 
Biosecurity is one of the most critical aspects for manufacturing safe feeds. Contaminated 
feed is one of the critical control point pathways for Salmonella enterica and other disease 
causing bacteria to enter the food value chain. Salmonella alone is the second most common 
cause of bacterial foodborne illness in the United States (EFSA, 2015). It is the most important 
bacterial pathogen in feed that is most commonly associated with animal feed safety incidences. 
It can survive for months (or even years) under dry conditions. Infection from Salmonella can 
cause gastrointestinal illness, severe illness (such as dehydration and fever) and even death in 
vulnerable individuals.  Pathogens can then be transmitted through the food chain to humans and 
cause foodborne illnesses. 
Hydrothermal (“heat”) treatment is a common technique used in feed manufacturing to 
reduce the number of pathogens in the feed to make it safe to consume. The thermal death of 
microorganisms as a result of hydrothermal treatment is dependent upon the conditioning 
temperature of the feed and the time that the feed is exposed to conditioning.  Understanding of 
the retentioning process that extends the amount of time feed is exposed to the effects of 
conditioning is essential for achieving the desired level of pathogen destruction. Steam 
conditioning must also be properly managed to ensure that the steam is being utilized effectively 
and that the feed is reaching the desired temperature for reducing microorganisms.  
Feed can become recontaminated after heat treatment during cooling, drying, transport, 
and storage. Compared to mechanical handling, pneumatic conveying has the potential to 
transfer, cool, and dry feed while reducing the likelihood of recontamination because it is a 
closed system and easy to clean out. 
 
2 
CHAPTER 2.    RESEARCH OBJECTIVES 
The overall objective of this research was to increase biosecurity in feed manufacturing 
through effective hydrothermal treatment and recontamination prevention during the drying, 
cooling and transfer of feed mash and pellets. This was achieved by pursuing the following 
specific objective: 
1. Conduct experimental trials to determine the radial and longitudinal temperature 
distribution in a pilot scale retentioner for three different processing times (90, 
180, and 240 seconds) and two heating mat settings (on/off). (Chapter 4) 
2. Develop and validate a transient thermal model to predict heat transfer and loss 
during retentioning, and apply the model to commercial scale equipment to verify 
conditions for pathogen destruction. (Chapter 5) 
3. Analyze effectiveness and efficiency of steam energy utilization for conditioning 
feed mash to target temperature and moisture for pathogen destruction, and 
develop a spreadsheet-based tool to help feed millers optimize feed mash 
conditioning, retentioning and pelleting. (Chapter 6) 
4. Design a pneumatic transfer system to simultaneously transport, dry, and cool 
feed mash or pellets to improve biosecurity practices and reduce the likelihood of 
recontamination after hydrothermal treatment. (Chapter 7) 
 
The content of Chapter 4 was not included in the final copy of this thesis because the 
research collaborator Bühler Group indicated before the start of this research that data collected 
in their pilot plant facility was confidential information that could not be published. The abstract 
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of the chapter has been included to provide an overview of the experimental research and 




CHAPTER 3.    LITERATURE REVIEW 
Abstract. 
The importance of biosecurity is ever increasing within the animal feed industry.  
Salmonella is a major microbial hazard that can persist within animal feed and cause human 
illness.  There are many ways to reduce the risk of Salmonella contamination within the feed 
processing environment including killing pathogens by heat treatment and chemical addition.  
Control measures described in a facility’s biosecurity plan can be put into place to reduce the risk 
of contamination.  The scope of this chapter is focused on the review and analysis of biosecurity 
practices for feed manufacturers to control biological hazards that may contribute to the spread 
of diseases and other feed safety hazards.   
 
Animal Feed Industry Overview 
Feeding of livestock, poultry, pets and other animals makes up a significant part of the 
global food industry and provides the world with nutritional animal protein sources.  The animal 
source food (ASF) industry for human consumption contributes significantly to the economic 
and nutritional wellbeing of people throughout the world. 
Compound feed production worldwide continues to grow and has reached an estimated 1 
billion tonnes annually (IFIF, 2017). The production and sale of commercial feed takes place in 
more than 130 countries and directly employs more than a quarter of a million people. It 
generates an annual turnover of US $400 billion (IFIF, 2017).  Currently, there are an estimated 
8,000 feed mills worldwide that can produce feed at capacities greater than 25,000 tonnes per 
year, along with numerous other production facilities that produce lower volumes of high-value 
products such as premixes and specialty feed products (Jutzi et al., 2010).The need to provide 
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safe feed to animals used for human consumption is driven by evolving feed manufacturing 
regulations, human health concerns, and consumer perceptions (Boney et al., 2018).  Biosecurity 
is important in the feed industry because contaminated feed is one of the first introduction 
pathways for Salmonella enterica and other disease causing bacteria such as Listeria, 
Campylobacter, Escherichia coli and Yersinia enterocolitica to enter the food value chain (Mead 
et al., 2000). Salmonella alone is the second most common cause of bacterial foodborne illness in 
the United States (EFSA, 2015) and is the most important bacterial pathogen in feed as it occurs 
most frequently in feed ingredients and compounded feed (Liebana & Hugas, 2012). Salmonella 
in feed has become a priority because it is the pathogen that is most commonly associated with 
animal feed and feed safety incidences and it can survive for months (or even years) under dry 
conditions (Buhler AG, 2018). Infection from Salmonella can cause gastrointestinal illness, 
severe illness (such as dehydration and fever) and even death in vulnerable individuals (CDC, 
2019).  Pathogens can then be transmitted through the food chain to humans and cause foodborne 
illnesses. 
While the U.S. food supply is considered among the safest in the world because of 
stringent regulations and government oversight, it is estimated that there are nevertheless 48 
million cases of foodborne illness each year (FDA, n.d.).  This equates to 1 in 6 Americans 
contracting a foodborne illness with an estimated 128,000 hospitalizations and 3,000 deaths 
annually (FDA, n.d.).  Salmonella alone is estimated to cause around 1.2 million illnesses, 
23,000 hospitalizations, and 450 deaths in the United States every year with 1 million of these 
cases being related to consuming contaminated food (CDC, 2019).   
Salmonella is a major microbial hazard in animal feed and numerous outbreaks of human 
salmonellosis can be traced back to contaminated animal feed (Crump et al., 2002; Jones, 2011).  
6 
Salmonella can persist for long periods in a wide range of materials which makes it a particularly 
challenging issue to control (Jones, 2011).  Salmonella’s native habitat is the intestinal tract of 
humans and animals but is also widely distributed throughout nature (Winfield & Groisman, 
2003).  Salmonella may be found in almost any environment because of its ability to cycle 
between host and non-host environments and to survive for extended periods on diverse 
materials (Humphrey, 2004). Food-producing animals acquire pathogens through ingestion and 
are major reservoirs for Salmonella and other microbes (Crump et al., 2002). In the animal feed 
industry there are five Salmonella serotypes that are classified as critical (Enteritidis, 
Typhimurium, Infantis, Virchow and Hadar) (Liebana & Hugas, 2012).  Although only a few 
Salmonella serotypes isolated from animal feed are found to cause illness in the animals that 
consume the feed, they may all be pathogenic to humans (Liebana & Hugas, 2012). 
The rate of presence of Salmonella in animal feed is difficult to accurately assess because 
of the lack of uniformity in Salmonella contamination and the large volumes of feed produced 
(Jones, 2011).  Although measuring Salmonella contamination is difficult, researchers over many 
years have shown that Salmonella is present in feed and feed ingredients (Patterson, 1971).  
Patterson (1971) measured Salmonella at levels averaging <20 CFU/100g in animal feed 
(Patterson, 1971) although levels of >103 CFU/100g have occasionally been found in feed mill 
environments (Franco, 2005). Contamination of animal feed before arrival and while on the farm 
contributes to infection and colonization of animals produced for human consumption.  
Ensuring feed safety is essential as the products fed to animals are ultimately consumed 
ourselves (Buhler AG, 2018). Research shows that animal feed, even if it is far away from the 
end product, represents one of the first introduction pathways for pathogens into the food value 
chain.  Animal feed  is frequently contaminated with Salmonella and may lead to infection or 
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colonization of animals that are intended for human consumption (Crump et al., 2002). These 
bacteria can contaminate animal carcasses or cross-contaminate other food items, which can 
result in human illness (Crump et al., 2002). The feed processing industry must constantly 
produce feed products that are palatable and safe for animals while still meeting their nutritional 
needs (Kiarie & Mills, 2019).  Controlling diseases associated with animal production is 
important for protecting animal and human health, preventing economic hardship, and protecting 
the livelihoods of animal agriculture customers (AFIA, 2019).   
The use of antibiotics continues to be phased out of livestock production, which has led 
to an increased emphasis on food safety aspects, particularly on lowering the incidence of 
foodborne pathogens in livestock to prevent the spread of disease (Ricke et al., 2019). Because of 
the persistent survival and adaptability of Salmonella, every available tool to control the 
organism must be used and efforts should be sustained by feed mills through standard 
management practices (Jones, 2011). There is no single solution that can be universally applied 
to control and prevent Salmonella in animal feed. 
There are numerous hazards that feed and ingredient manufacturers need to control or 
prevent, including physical, chemical and biological hazards. The scope of this paper is focused 
on the analysis of biosecurity practices for feed manufacturers to control biological hazards that 
may contribute to the spread of diseases.  Biosecurity protocols are essential in feed mills to 
minimize public health concerns, maintain market stability, and create export opportunities in the 
feed market (Dewey et al., 2014). Today, due to ever-increasing global travel and international 
trade of feed ingredients, the concerns for biosecurity and the spread of animal diseases, 
particularly those of foreign origin (e.g., African Swine Fever), are high within animal 
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agriculture. Biosecurity programs are an important tool for reducing the likelihood that 
pathogens will be introduced into the feed chain. 
Salmonella control principles may be divided into three broad categories: efforts to 
prevent contamination from entering the facility, work to reduce microbial multiplication within 
the plant, and procedures designed to kill the pathogen (Jones, 2011). The most efficient way to 
control Salmonella within a feed mill is to create a feed safety plan.  This plan includes a 
combination of measures to prevent the introduction, growth, and transfer of pathogens within 
the mill as well as identify inactivation methods to be controlled and implemented within the 
entire production process (Buhler AG, 2018). Preventing the entry and transmission of diseases 
should be the primary goal for any biosecurity program and feed manufacturer.  Preventing 
contamination involves proactive measures within the feed mill such as managing the flow of 
equipment and humans, managing rodent infestations, controlling dust, and ensuring the 
sanitation of transport vehicles (Jones, 2011).   
Currently, no standardized regulations exist that dictate techniques related to controlling 
microorganisms in feed processing. Because of this, feed manufacturing techniques differ at each 
feed mill and are dependent on factors such as throughput demands, ambient conditions, diet 
formulation, ingredient availability in the geographic region, and the available feed processing 
equipment (Boney et al., 2018). 
Biosecurity should be a concern of everyone and therefore everyone must play a role in 
reducing the potential risk of spreading disease and foodborne illness. Because of the increasing 
emphasis on safe feed, the quality of feed is no longer only defined in terms of supplying 
nutrients, but also in terms of feed safety, hygienic status, and its direct effects on animal health 
(Goodarzi Boroojeni et al., 2016). Much research has been published focused on the aspects of 
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Salmonella control in feeds (Jones, 2011).  The main methods of controlling Salmonella at the 
feed mill involve thermal processing (steam conditioning), some sort of chemical addition, or a 
combination.  Thermal processing uses steam to heat treat and hold mash before pelleting (or 
cooling if mash is not pelleted) while chemical control involves the use of organic acids and 
formaldehyde which often are also added to heat treated mash or pellets.  This review article will 
discuss each of these control methods and how it can be implemented within a feed mill. 
 
Salmonella Sampling 
In order to control Salmonella effectively, it is essential to establish a sampling protocol 
with procedures to accurately sample and test for levels of Salmonella contamination at multiple 
locations in a feed mill and along the delivery path of feed all the way to the animal trough.  
Monitoring the level of Salmonella contamination throughout the feed manufacturing process 
provides indication of the impact of different feed management practices for the control of 
pathogens (Maciorowski et al., 2004).  There is always some level of uncertainty when 
measuring the level of Salmonella contamination within feed and feed ingredients.  This 
uncertainty is largely dependent upon the distribution of Salmonella within the lot.  If the 
contamination is more unevenly distributed, more samples will be needed to increase the 
confidence of the result (Liebana & Hugas, 2012). Generally, a large number of small samples 
are used to increase the accuracy of testing methods. The level of contamination can vary by type 
of ingredient resulting in the implementation of different levels of control strategies for different 
levels of contamination.  For example, one decontamination strategy may not be sufficient for 
heavily contaminated ingredients and also may not be economical for ingredients that have 
minimal contamination.  
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Contaminated feed ingredients entering the feed mill are viewed as the primary source of 
Salmonella within the mill (Blackman, 1990; Jones, 2011; Ratcliff, 2006).  In order to control 
Salmonella entering the facility, ingredient loads should be inspected and tested by feed mill 
quality control staff for evidence of contamination.  It is recommended by the American Feed 
Industry Association (AFIA) that samples of every ingredient load be retained until finished 
products have been in commerce for a period of at least three months past the expiration date of 
the finished product (AFIA, 2010).   
A number of methods exist to test for pathogen contamination within feed mills including 
culturing methods that are used to detect viable bacterial cells and immunological methods (such 
as enzyme-linked immunosorbent assay (ELISA)) that have the capability of detecting non-
culturable bacterial cells (Maciorowski et al., 2006).  Currently, the US Food and Drug 
Administration (FDA) and the Food Safety and Inspection Service (FSIS) recommend the 
culturing selection method (on liquid media or on agar plates) for the detection of Salmonella 
(Andrews et al., 2019). There are limitations for routinely testing for contamination at feed mills 
including the time restrains for obtaining the test results and the feed production time, the 
sensitivity and specificity of the tests, and having a representative sampling strategy 
(Maciorowski et al., 2006).  Due to these limitations, it is not practical to test every incoming 
truck for contamination levels before receiving the raw ingredients at a facility.  It is common 
practice to collect a representative sample from ingredients received at a facility and test for 
Salmonella routinely to gage the level of contamination entering the facility and gage 
effectiveness of microbial control measures post-processing.  Salmonella detection methods are 
continuously being improved for routine use in feed analysis to make testing quicker and more 
accurate (Maciorowski et al., 2006) 
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Ingredient loads that indicate high levels of contamination should be rejected to avoid 
bringing Salmonella into the facility and using it for feed even if heat treatment and chemical 
control are utilized (Jones, 2008).  Currently, there is no recommended level of contamination 
required for rejection of raw ingredients and this threshold is established internally at each mill. 
Bagged and bulk ingredients should be visually inspected for signs of damage such as moisture 
penetration, insects, or rodents.  Affected bags or ingredients should not be accepted into the 
facility if standards are not met (Jones, 2008).  Standard guidance levels should be created to 
provide recommendations and standardization across the feed industry. 
Research shows that there are no statistical differences in the Salmonella contamination 
rates during the spring and summer seasons (Jones & Richardson, 2004). However, researchers 
found that Salmonella was more likely to be found in finished dairy feed on the farm during the 
summer and fall than during the winter and spring (Pangloli et al., 2008). Magossi et al., (2019) 
researched the seasonal presence of Salmonella in selected US swine feed mills and found that 
fall months were associated with a higher Salmonella prevalence (13.2%) compared with early 
spring and summer. The amount of Salmonella in feed varies by climatic region but summer and 
fall months have greater temperature fluctuations throughout the day which increases the chances 
for condensation resulting in an increased moisture content that favors microbial growth.  The 
warmer temperatures during the summer and fall seasons also favor Salmonella growth.   
It is important to have an accurate testing procedure to guarantee that the level of 
contamination from the collected samples is measured accurately.  When collecting samples 
from an incoming ingredient load, it is critical to ensure the samples are collected aseptically, 
i.e., by using methods to protect against infection by microorganisms.  Jones (2008) conducted 
an experiment where feed mill employees collected samples from specified locations in the mill 
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and researchers did the same.  The researchers had a more aseptic approach and only 7.3% of the 
samples collected by them were positive compared to a total of 43.8% of the samples collected 
by the feed mill employees (Jones, 2008).  
Once the incoming feed ingredients have been inspected visually for contamination, the 
material can be unloaded into the feed mill.  It is good practice to sample and test incoming loads 
of ingredients to gauge the level of Salmonella contamination entering the facility. During 
unloading, dust must be carefully controlled because dust is a critical source of Salmonella 
contamination within mills and is a good indicator for monitoring contamination (Nape, 1968).  
The majority of dust is produced in raw ingredient receiving but it is also produced during 
milling, in mixing systems, elevator legs, conveyers, baggers and during load-out (McDaniel, 
2005). This makes dust sampling and testing at key points throughout a feed mill’s handling 
system – from ingredient intake to feed load-out – a critical quality control procedure for 
monitoring and mitigating Salmonella contamination.   
Feed mills should test for Salmonella in raw material receiving pits, in dust collection 
filters, the tops of pellet coolers, the pellet cooler processing areas, and the tops of finished feed 
bins as it will provide another indication of the background Salmonella levels in the facility that 
has potential to contaminate or recontaminate heat- and/or chemically-treated “safe” feed 
(Haggblom, 1994).  It is important to manage dust within a feed mill to control Salmonella 
within the facility.  If dust samples test positive for Salmonella, appropriate corrective actions 
should be taken within the feed mill, which could include cleaning and disinfection, increased 
monitoring, stopping production and stopping delivery (Liebana & Hugas, 2012). It is 
challenging to compare prevalence data for Salmonella between different studies due to different 
sampling and analytical methods used (Liebana & Hugas, 2012). Salmonella is generally present 
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in relatively low numbers and is unevenly distributed throughout feed ingredients and finished 
feed which makes sampling methods critical and can cast a shadow of doubt onto negative 
results.  If finished feed samples test positive for Salmonella, corrective action should be taken 
including investigation of critical control points, of raw material records, of effectiveness of 
treatment regime, and of intensity of sampling and testing of production (Liebana & Hugas, 
2012). Having a consistent sampling protocol and an accurate testing method is essential in 
understanding the current state of Salmonella contamination within a feed mill and how it varies 
over time.   
 
Heat Treatment 
Heat treatment utilizing steam is a common technique used during feed processing to 
reduce microbial contamination and increase feed quality.  There are many benefits to processing 
animal feed compared to feeding ground and mixed dry mash feed including improved 
availability of nutrients to the animals, destruction of inhibitors and toxins, reduction of 
pathogens, and decreased feed waste (Schofield, 2005). The pelleting process consists of three 
major steps including mixing steam with feed mash (conditioning), pressing conditioned feed 
mash through a metal die (pelleting), and removing heat and moisture from pellets with large 
volumes of air (cooling).  When a pellet mill presses feed mash through a metal die it causes 
compaction and a temperature increase caused by friction which is related to the conditioning 
temperature and the type of feed being processed (Leaver, 2008). The heat generated in the die is 
greater when the conditioning temperature and the feed abrasiveness are lower and can range 
from a 1C increase to a 35C increase (Rouchouse, 2019). However, conditions within the die 
are generally applied to feed mash for a fraction of a second and thus are unlikely to have much 
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influence on microbial lethality (Leaver, 2008).  Therefore, holding (or “retentioning”) steam-
conditioned feed mash for an appropriate amount of time to destroy temperature sensitive 
pathogens provides the “heat treatment” effect that is an essential step prior to pelleting to 
increase microbial destruction during hydrothermal feed processing.    
Heat treatment uses steam conditioning to increase the moisture content of the feed mash 
for improved pellet quality and increases the temperature of the feed mash for decontamination.  
The main factors that determine the effectiveness of heat treatment on feed decontamination is 
the processing time, moisture content of the mash, and temperature rise of the mash due to steam 
(Himathongkham et al., 1996).  It is important to note that heat resistance varies between 
different types of microbes and the effectiveness of heat treatment for decontamination therefore 
depends upon the contaminating agent (Goodarzi Boroojeni et al., 2014). Given the fact that the 
heat resistance of Salmonella is affected by many factors including strain and serotypes tested, 
previous growth and storage conditions, physical and chemical food composition, test media, and 
media used to recover heat-damaged cells, comparing heat resistance among studies can be 
misleading (Podolak et al., 2010). 
Microbial thermal death time calculations are used to determine the time necessary to kill 
a given number of a certain organism at a specified temperature.  D-values are the decimal 
reduction time, or the time required in a given medium, at a given temperature, for a tenfold (1 
log10) reduction in the number of organisms.  Z-values are the number of degrees the temperature 
has to be increased to achieve a tenfold reduction in the D-values. These values are specific to 
the raw material medium and the target organism. They can be used to calculate time and 
temperature combinations that sufficiently achieve a specific lethality performance standard 
(NRA 2016).  
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Rendered animal products are a commonly used ingredient in feed manufacturing. These 
ingredients typically have the highest amount of microorganism because they come from animal 
origin.  The National Renderers Association determined lethality performance standards for 
rendered beef and poultry products and recognizes a lethality performance standard for 
Salmonella to be a 7.0 log reduction for raw beef materials used in rendering. Brashears et al. 
(2015) determined a Z-value of 38.61°C and a D-value of 2.37°C with a reference temperature of 
75°C for Salmonella in rendered beef products. NRA (2016) used these reference values to 
determine the time and temperature parameters to successfully achieve a 7.0 log reduction of 
Salmonella Senftenberg incorporated in a cocktail of four other Salmonella strains to mimic a 
worst case scenario contamination event (Table 3-1).  
Table 3-1: Established time and temperature parameters to achieve a 7.0 log10 reduction of Salmonella in raw 
beef materials presented for rendering (NRA, 2016). 
7.0 log10 Reduction 
Temp (°F) Temp (°C) Seconds 
167 75 99.5 
176 80 74.0 
185 85 54.9 
194 90 40.8 
203 95 30.2 
212 100 22.4 
221 105 16.6 
230 110 12. 
239 115 9.2 
248 120 6.8 
257 125 5.0 
266 130 3.7 
 
Feed is typically conditioned to 185°F (85°C). At this temperature, a residence time of 
54.9 seconds would be needed to achieve a 7.0 log reduction of Salmonella. This time provides 
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an estimation for processing time but varies depending upon the feed matrix, moisture content of 
the feed, and strain of microorganism. Each scenario corresponds to a different Z- and D- value 
which alters the microbial death rate based on the processing time and temperature. To achieve a 
desired level of pathogen reduction, experiments can be conducted to determine Z- and D- values 
for specific processing scenarios.  Commonly, the processing time is increased past what Table 
3-1 recommends to account for inconsistencies in conditioning because the temperature must be 
met homogenously throughout the entire feed mash to achieve the desired level of microbial 
destruction. If the temperature is lower in some parts of the conditioned mash, a longer residence 
time will be needed to reach the same level of decontamination. 
There are a number of companies that produce heat treatment equipment that provides a 
solution to increase the time that feed mash is exposed to increased temperature and moisture 
content caused by conditioning, facilitate pathogen break-down, and result in feed 
decontamination.  These machines are located immediately after the conditioner and utilize the 
first-in, first-out principle.  The purpose of these devices, commonly referred to as a hygieniser 
or retentioner (Figure 3-1), is to extend the amount of time the feed mash is exposed to the 
effects of conditioning immediately before pelleting (or cooling in the case of heat treated mash 
feed) to increase thermal decontamination. 
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Figure 3-1: Bühler Group conditioner, retentioner and pelletizer machine (Courtesy of Bühler Pellet Mill) 
 
 
There are no standard guidelines on the processing parameters for heat treatment utilizing 
steam such as steam temperature, steam pressure and residence time that can be varied to achieve 
different desired outcomes.  Altering these variables can impact pellet quality, nutrient 
digestibility, protein denaturation, anti-nutritive factors found in certain ingredients (i.e., trypsin 
inhibitor in soybean meal), and pelleting capacity (Boney et al., 2018).  The general 
recommendations is to achieve a 4 to 7 log reduction of Salmonella during processing (Product 
Safety Solutions Group, 2012).  The exact conditions for microbial reduction and quality 
changes have to be established individually for specific feed products during process validation 
(Margas, 2018). The effect of conditioning treatments on starch gelatinization in animal feed is 
not substantial and gelatinization does not play a considerable role in starch digestion of a 
processed feed (Goodarzi Boroojeni et al., 2016). Some protein denaturation occurs during 
pelleting due to the high temperature, shear forces, pressure, and moisture addition which results 
in better digestibility for the animals as well as a more durable pellet.  Researchers have reported 
that protein denaturation starts at 60C-70C (Svihus & Zimonja, 2011).  When processing 
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temperatures are higher than 80C, secondary and tertiary structure of most proteins are changed 
more or less completely (Privalov et al., 1989). Boltz (2019) found that conditioning temperature 
and time interacted to affect protein denaturation and digestible amino acid concentrations. 
Increased conditioning temperatures at 30 seconds increased digestible amino acid 
concentrations and diets conditioned at 60 seconds increased digestible amino acid concentration 
between 76 and 82°C. However, it was found that the digestible amino acid concentration 
decreased when diets were conditioned at 60 seconds and 88°C possibly because the thermally 
aggressive processing treatment rendered the proteins indigestible (Boltz, 2019). 
It has been shown that saturated steam and a high conditioning temperature results in 
increased pellet quality (Cutlip et al., 2008). Industry demands have resulted in the application of 
relatively high conditioning temperatures in order to reduce levels of pathogens such as 
Salmonella in the feed and to increase pellet quality (Kiarie & Mills, 2019).   Using such high 
temperatures (over 60C) for conditioning can result in destruction of nutrients, denaturing of 
proteins and decreased stability of heat sensitive feed additives such as drugs and vitamins 
(Kiarie & Mills, 2019).   Animal feed is typically the greatest cost of animal production (around 
60-70% of total cost) and additional processing increases overall production cost (Abdollahi et 
al. , 2013).  However, the effects of thermal processing can add value to the feed and increase 
animal performance.  The physical and nutritional quality of pellets must be optimized to achieve 
the greatest added value to animal production. Therefore, it is important to understand how to 
decontaminate feed while optimizing pellet quality through steam conditioning, and how 
conditioning impacts animal performance and nutrient availability, and thus cost of production 
(Cutlip et al., 2008).  
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The impact of steam conditioning on temperature manipulation has been studied 
extensively.  The operating parameters for temperature used for steam conditioning varies among 
feed mills depending on operators. Numerous studies have reported that steam conditioning 
significantly reduces microbial load in animal feed (Goodarzi Boroojeni et al., 2016). The most 
commonly reported values used by feed manufacturers for temperature fluctuates from 76.7 to 
93.3°C, however commercial practices, as well as past research, do not agree on one optimal 
setting for conditioning temperature (Cutlip et al., 2008). 
The steam temperature into the conditioner can be calculated based on thermodynamic 
properties of steam.  Steam is delivered from the boiler at a high pressure and temperature and 
enters the conditioner at atmospheric pressure.  If the temperature and pressure of the steam 
exiting the boiler is known, the temperature of the steam entering the conditioner at atmospheric 
pressure can be calculated using steam tables.  For example, if the steam exiting the boiler is at 
10 bars and 185C, the enthalpy of the steam is 2790 kJ/kg (Table 3-2).  The steam entering the 
conditioner will have the same enthalpy at a pressure of 1 bar absolute pressure.  Using Table 3-2 
for steam conditions at 1 bar, the temperature of the steam can be determined by finding the 
temperature that corresponds to an enthalpy value of 2790 kJ/kg.  In this case, the enthalpy value 
falls between 155C and 160C and can be interpolated to be 157.5C.  Steam conditioning is 
most effective when the steam is at saturation temperature and is not superheated so that it 
condenses immediately upon contact with the feed mash for efficient conditioning. In this 
scenario, the saturation temperature at 1 bar is 100C.  To achieve more efficient conditioning, 
the steam pressure and temperature can be modified to have an enthalpy value near 2676 kJ/kg 
which is the enthalpy at saturation temperature for steam at 1 bar pressure. 
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Increasing the processing temperature of steam during the conditioning process increases 
feed decontamination but can have a negative impact on the nutritional stability of the feed.  The 
principal function of animal feed is to provide nutrients to animals that can easily be digested and 
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utilized for maintenance and productive functions (Kiarie & Mills, 2019).  To achieve this and 
maximize animal performance, feed must contain the correct balance of the essential nutrients to 
meet the nutritional needs of the animals during their various stages of life (Kiarie & Mills, 
2019). Therefore, it is essential that the nutritional stability of feed remains favorable for 
promoting animal growth. 
In regards to conditioning time, the comparative analysis is limited due to the complexity 
of different steam conditioning systems (Boney et al., 2018).  Conditioning times vary based on 
preferences by feed manufacturers and by the limitations of conventional equipment being used. 
Conditioning times reported or observed in the feed industry generally range from a few seconds 
to several minutes (Thomas et al, 1997). 
Most Salmonella and coliforms have been found to be eliminated from feed by 
conditioning and pelleting at temperatures above 80°C. However, temperatures as high as 90°C 
are needed to eliminate spore-forming bacteria (Cox et al., 1986; Jones & Richardson, 2004; 
Veldman at al., 1995).  These pelleting temperatures are promoted as guidelines but heat 
resistance of microbes varies among non-spore-forming bacteria. S. typhimurium has been 
implicated universally in diseases of farm animals while S. enteriditis has emerged as a regular 
pathogen of poultry and contaminant of eggs and chicken meat (D’Mello, 2004). 
Himathongkham et al. (1996) found that within different strains of Salmonella, Salmonella 
typhimurium was more heat-resistant when pelleting 15% moisture content feed mash at 82.2°C 
than Salmonella enteritidis.  S. enteritidis was found to be more heat-resistant when pelleting 
15% moisture feed mash at 87.8°C compared with Salmonella haardt  (Himathongkham et al., 
1996). The researchers also found that different serotypes of Salmonella require different 
retention times.  They found that S. typhimurium was reduced a thousandfold when turkey feed 
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with a moisture content of 15% was heated for 47 seconds at 82.2C compared to S. enteritidis 
which was slightly less resistant and  reduced a thousand fold after only 37 seconds.  
Goodarzi Boroojeni et al. (2016) summarized the effects of hydrothermal processing on 
feed hygiene as reported in Table 3-3. The reduction of microorganisms varies depending upon 
processing parameters and contaminating agent. Therefore, it is important to understand the 
effect that moisture content and processing temperature has on the thermal death of 
microorganisms within the feed to achieve the desired decontamination effects. Moisture content 
significantly impacts the heat resistance of pathogens and research has found that changing 
moisture content from 12 to 19% during heat treatment shortens the time needed for 5 log 
reduction of Salmonella by a factor of three (Margas, 2018).  
 
Table 3-3: The effects of hydrothermal processing on feed hygiene (Goodarzi Boroojeni et al., 2016). 
 
Reference Type1 Contaminating agent Processing parameters Reduction 
(log cfu) 
Hutchison et al. 
(2007) 
P Escherichia coli O157 70°C for 20 s 1.3 
Himathongkham 
et al. (1996) 
P Escherichia coli O158 70°C for 120 s 2.2 
Himathongkham 
et al. (1996) 




et al. (1996) 




et al. (1996) 




et al. (1996) 
P Salmonella 
typhimurium 
82.2°C for 47 s with 15% 
moisture 
3 




83-103°C for 7 s with 
28.5% moisture 
7 









                                                 
1 P=Pellet, Et=Extrusion. 
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Himathogkham et al. (1996) found that when the initial moisture content of the feed mash 
increased from 5% to 15%, the required exposure time for the elimination of Salmonella 
enteritidis drastically reduced within the tested temperature (82.2C)  (Figure 3-2). This could be 
the result of increased thermal resistance of microbes with decreased moisture content.  Water 
activity (aw) has been recognized as one of the primary factors influencing thermal resistance of 
pathogens in low‐moisture foods (Syamaladevi et al., 2016). In this same study, it was concluded 
that in order to achieve a 10,000 fold (4 log CFU) reduction of viable Salmonella, steam 
conditioning of 15% moisture content feed mash at 93C for 90 seconds is needed. 
 
 
Figure 3-2: Log percent survivors of S. enteritidis plotted against log exposure time at 82.2C 
(Himathongkham et al., 1996).  
 
 
In another study, McCapes et al. (1989) recommended that a 100% effective pelleting 
treatment against Salmonella spp. and Escherichia coli required feed mash to be steam 
conditioned to 14% moisture content at a temperature of 85.7C and then held for a retention 
time of 4.1 minutes.  Both of these recommended retention times (i.e., 90 seconds and 4.1 
minutes) seem to be long at the respective temperatures (93C and 85.7C) and might have 
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negative impacts on nutrient digestibility due to unfavorable reactions (Goodarzi Boroojeni et al., 
2016).  The American Feed Industry Association has reported that one second of moist heat (at 
22% moisture and 106 log initial population) at 77°C can kill Salmonella organisms (to a 5 log or 
99.999% reduction) as long as all processed material actually reaches these recommended 
temperatures internally or throughout (AFIA, 2010). This recommendation is somewhat 
unreasonable because feed is generally processed at a lower moisture content (which increases 
thermal resistance of Salmonella) and the recommendation does not provide an accurate value 
for processing time since the time it takes for a specific processing line to achieve a homogenous 
temperature varies by feed mill. Generally, higher processing temperatures are established to 
ensure that the entire feed mash reaches the appropriate temperature for thermal destruction. Due 
to the challenge of thermal death being time, moisture, and temperature dependent, several 
researchers have recommended target temperatures of 80 to 85°C (175 to 185°F) (Jones & 
Richardson, 2004; Veldman et al., 1995).  This target temperature is high enough that it 
compensates for variability in feed mash moisture and conditioning/retentioning time.   
Boltz (2019) investigated the effect of standard pelleting versus pelleting using a 
hygieniser on the reduction of Enterococcus faecium (a Salmonella surrogate).  The study 
concluded that when conditioning to 80C for 30 seconds, an additional 45 seconds retention in a 
hygieniser resulted in a 4 log reduction in Salmonella compared to standard pelleting (70C 
without retentioning/hygienising) which resulted in a 3 log reduction (Boltz, 2019). 
Due to the sensitivity of thermal processing and the many variables that affect the 
efficacy of the “kill-step”, process validation is recommended for individual processes at 
different facilities (Margas, 2018).  This validation involves assessing the level of microbial 
inactivation through microbial challenge tests which include inoculating the feed material with a 
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harmless surrogate microorganism (such as E. faecium) that mimics the thermal behavior of the 
pathogen of concern (Salmonella).  The amount of pathogen present before and after processing 
is measured and used to calculate the log reduction of the organism.  This process is used to 
identify the temperature and time processing requirements for a specific feed mixture at a certain 
moisture content.  Thermal processing with defined operating conditions will result in a specific 
log reduction. Thus, ingredients with a low initial microbial contamination are preferred to 
achieve lower counts in the end product and ensure  feed safety (Margas, 2018). 
While steam conditioning followed by retention is an effective strategy for 
decontaminating feed containing non-spore-forming bacteria such as Salmonella, mash and 
pelleted feed is at risk of recontamination, particularly during the cooling process (Goodarzi 
Boroojeni et al., 2016).  Chemical methods are frequently used in feeds to protect it after 
processing and to reduce the risk of recontamination. 
 
Organic Acids 
Chemicals, such as blends of organic acids (mainly formic and propionic acids) are 
another method commonly used by feed manufacturers to mitigate contamination by 
microorganisms (Jones, 2011). Organic acids were originally used as preservatives of human 
foods and later on were added to animal feed to control microorganisms (Paster et al., 1987). 
Organic acids have the potential to counteract contamination with non-spore-forming bacteria 
and provide protection against recontamination unlike heat treatment (Jones, 2011).  
Treatment of feed with organic acids has been shown to have the potential to reduce 
infection levels of Salmonella in feed (Matlho et al., 1997) however the  interaction  of thermal 
processing methods and the addition of organic acids have not been widely studied (Goodarzi 
Boroojeni et al., 2014) The use of organic acid for control of Salmonella in feed is a matter of 
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reducing the number of viable bacterial cells rather than eliminating the organism (Koyuncu et 
al., 2013). The efficacy of organic acids varies widely with the type of acid (or acids) used, acid 
inclusion rate, feed ingredients, and initial level of Salmonella in the feed (EFSA, 2008).  
Koyuncu et al. (2013) studied organic acids for control of Salmonella in different feed materials 
and found that the efficacy of acid treatments varied significantly between different feed 
materials with the largest reduction of 2.5 log occurring in pelleted and compound mash feed 
after 5 days of exposure (Koyuncu et al., 2013). The researchers recommend the use of acids for 
controlling Salmonella in feed should take into account the relative efficacy of acid treatment in 
different feed materials, the variation in acid tolerance between different Salmonella strains, and 
the treatment temperature. 
In some countries, acids are used for decontamination of Salmonella in feed ingredients 
prior to heat treatment, while in other countries acids are primarily added to finished feed, either 
directly or to individual ingredients at higher concentrations (such as a premix). The temperature 
of feed processing when organic acids are added prior to heat treatment, may affect the activity 
of organic acids, with higher temperatures resulting in greater efficacy (Goodarzi Boroojeni et 
al., 2014). This effect is most likely because biological and chemical reactions slow down at 
lower temperatures which limits the effectiveness of the organic acid for a designated amount of 
time.  Organic acid treatment at lower temperatures would require longer incubation time in 
order to obtain the desired reduction level compared to higher temperatures (Koyuncu et al., 
2013).  Cherrington et al. (1990) found that when concentrations of organic acid were sufficient 
to cause growth inhibition of E. coli in vitro immediately its rates of RNA, DNA, protein, lipid 
and cell wall synthesis were slowed. 
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The functionality of organic acids as an agent to control microorganisms is thought to 
derive from the penetration into the bacterial cell and the acid’s dissociation into anions and 
protons. The protons cause acidification of the cytoplasm, which disturbs most cellular functions.  
The anions are thought to inhibit DNA synthesis to varying degrees depending on the specific 
organic acid used (Cherrington et al., 1991). 
The primary organic acids that are used in animal feed as inhibitors include formic and 
propionic acids.  Many products blend these organic acids and other acids or their salts to 
provide synergistic properties (Carter, 2006).  Organic acid products are typically included in 
feeds at rates of 0.2 to 2% to inhibit Salmonella (Vahl, 1995). The effectiveness of organic acids 
against Salmonella in feed varies widely and is influenced by the level of contamination initially 
in the feed, type of acid or blend of acids, physical form, inclusion rate, diet composition and 
moisture of the feed, as well as chemical form of the product (i.e., free acid or acid salt) 
(Koyuncu et al., 2013). 
In addition to controlling contamination by microorganisms in feed, organic acids that are 
added to animal feed must be either metabolized by the animal that consumes it or excreted 
without absorption so that none of the organic acid remains in the animal and no residues are left 
in the final animal product used for human consumption (milk, meat, eggs, etc.) (EU, 2015).  
Goodarzi Boroojeni et al. (2014) studied the effect of different thermal treatments and organic 
acid levels on nutrient digestibility in broilers and found that adding a blend of organic acids to 
broiler diets had no effect (either positive or negative) on nutrient digestibility and final broiler 
performance. The study concluded that short-term thermal treatment with the addition of organic 
acids for hygienization of broiler feed does not negatively influence broiler performance 
(Goodarzi Boroojeni et al., 2014). In terms of the feasibility of organic acid treatment, it is 
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important to be aware that high levels of acidification may be expensive, corrosive to milling and 
feeding equipment, have adverse effects on feed production workers, affect feed palatability, and 
interfere with the availability of vitamins within the feed (EU, 2015). 
Although organic acids reduce contamination due to microorganisms and prevent 
recontamination, it has been found that organic acids may be more effective at preventing 
recontamination after the application of the inhibitor than they are at controlling Salmonella cells 
present in feed before their addition (Carrique-Mas et al, 2007). Other studies have found that the 
effects of organic acids as inhibitors may be overwhelmed by initial contamination of Salmonella 
numbers of  >103 CFU/g and may not be completely effective at contamination levels higher 
than this (Carrique-Mas et al., 2007; Garland, 1994).  It has also been shown that the reduction of 
contamination in feed may require a longer period of contact (e.g., up to a week) of the organic 
acids with any bacteria that is initially present in the raw feed ingredients before processing and 
the addition of the organic acid (Berchieri, A. B., Iba, 1995). 
In June 2017, formic acid was approved by the European Union as a hygiene condition 
enhancer. As such, formic acid can legally be used as an additive to feed for the purpose of 
bacterial decontamination (Trouw Nutrition, 2018).  
 
Formaldehyde 
The use of formaldehyde in animal feed is another method for chemical control of 
microbial contamination.  Formaldehyde is effective as a broadly, instantaneously and non-
selectively destroying agent for a wide range of microorganisms. This has led to its widespread 
use in feed mills as a tool to increase biosecurity (Trouw Nutrition, 2018). Given the 
effectiveness of formaldehyde as a general sanitizer, it is not surprising that there would be 
interest in applying it as an antimicrobial treatment for animal feeds (Ricke et al., 2019).   
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Formaldehyde was first used in the animal feed industry as a mold inhibitor for the 
preservation of high moisture corn (Spratt, 1985). It has been found to be superior to organic 
acids in the decontamination of feed (Smyser & Snoeyenbos, 1979).   Formaldehyde has been 
used extensively as a chemical additive to reduce Salmonella and microbes in feed (Carrique-
Mas et al., 2007). The additive formaldehyde is an aqueous solution containing 35% 
formaldehyde and 14% methanol in water. It is intended for use in all animal species at 
concentrations between 200 and 1000 mg active substance per kg of complete feed.  
Formaldehyde has repeatedly been reported to be effective in inactivating Salmonella 
(Duncan & Adams, 1972) although concentrations, application technique and level of 
effectiveness varies among researchers.  Liquid formaldehyde solutions are incorporated directly 
into the feed by mixing and were examined by Moustafa at al. (2002) as a potential chemical 
feed additive to reduce Salmonella contamination. The researchers artificially contaminated 
commercial feed with S. Typhimurium. They found that a 40% formaldehyde solution applied at 
a rate of 10 L/ton resulted in complete reduction of S. Typhimurium within the first hour of 
treatment compared to only 94% reduction with a 5 L/ton rate (Moustafa et al., 2002). 
Formaldehyde treated feed has been found to have a time-associated reduction of 
Salmonella after treatment (Duncan & Adams, 1972; Smyser & Snoeyenbos, 1979) that is 
dependent on the inclusion rate of the treatment (Vanderwal, 1979).  Studies on the residual 
activity of formaldehyde treated feed to prevent recontamination by Salmonella was first 
reported by Barlow et al. in 1992. In this study, fishmeal was treated with a formaldehyde-based 
product at 2 kg/ton (2.5 L/ton) and then inoculated with 200–500 CFU/g of S. Senftenberg.  The 
time required to kill Salmonella ranged from 5 to 9 days. Fishmeal was then treated with 3 kg/ton 
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(3.7 L/ton) and inoculated with 1,500 to 2,000 CFU/g which resulted in all Salmonella 
eliminated within 24 h (Barlow, 1992). 
A concern when measuring the amount of Salmonella that remains in a sample after 
treatment with formaldehyde is that the residual chemical in the recovery media can cover up or 
reduce the population recovery levels of the inoculated Salmonella (Carrique-Mas et al., 2007). 
This can result in an overestimation of the antimicrobial effect resulting from the formaldehyde 
treatment due to decreased levels of Salmonella surviving in the recovery media (Ricke et al., 
2019).  As more studies are done on measuring microbial contamination in feed, caution will 
need to be exercised to avoid misinterpretations on the level of contamination occurring from 
masking regardless of the antimicrobial used. This is not only a concern for Salmonella but needs 
to be considered for all non-Salmonella bacterial populations to avoid artificial selection by 
masking in either the dilutions or the plating media during testing (Ricke et al., 2019). 
A disadvantage of formaldehyde is that it is a volatile substance and large amounts of it 
may evaporate after mixing in open systems (David et al., 1972; Khan et al., 2003).  
Formaldehyde’s limited stability and volatility, particularly in mash feed, is thought to provide 
decreased protection against risk of Salmonella recontamination (Trouw Nutrition, 2018).  Some 
commercial formaldehyde-based products contain organic acids or other antimicrobial 
compounds to minimize the effects of evaporation on antimicrobial activity (Carrique-Mas et al., 
2007). 
An additional concern about formaldehyde is that it might not be safe in humans (Arts et 
al., 2006). Formaldehyde evaporation could be dangerous to workers who must be protected 
from overexposure to formaldehyde.  There is some evidence of limited negative effects of 
human contact with formaldehyde under experimental conditions when higher concentrations of 
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the chemical were used in feed (Khan et al., 2003) although it is widely applied without showing 
any adverse effects.  No safe level of exposure to human skin, eyes or respiratory system has 
been identified (Trouw Nutrition, 2018). In order to reduce occupational exposure to 
formaldehyde, the chemical can be applied in an enclosed system such as a mixer or enclosed 
conveyor (Ricke et al., 2019). 
In 2014, the European Food Safety Authority stated that the use of formaldehyde in 
animal nutrition is not expected to pose a risk for the environment and that formaldehyde in 
concentrations between 200 and 1000 mg/kg feed (compound feed and/or feed material) has the 
potential to be an efficacious preservative (EFSA, 2014) Although it is undisputed that 
formaldehyde has the ability to effectively destroy microbiological organisms, concerns about 
toxicity have resulted in the European Food Safety Authority (EFSA) Panel on Additives and 
Products or Substances used in Animal Feed (FEEDAP) to issue a scientific opinion in 2014 that 
casts renewed doubt on the safety and efficacy of formaldehyde as a feed hygiene substance. 
FEEDAP has reported that a formaldehyde concentration safe for reproduction of animals cannot 
be derived (EFSA, 2014) 
On December 2017, at the Standing Committee on Plants, Animals, Food and Feed 
(SCOPAFF), 26 European nations voted against the authorization of formaldehyde as a feed 
additive. The SCOPAFF vote resulted in feed mills in the European Union no longer able to use 
formaldehyde for microbial control in their operations (European Commission, 2018). As of 
February 27th 2018, formaldehyde has been banned as a feed additive in the EU was due to the 
carcinogenic properties as a biocide under the Biocidal Products Directive (98/8/EC) issued 
under regulation (EU) 2018/183 (European Commission, 2018).  However the use of 
formaldehyde treatment for rumen protection is still approved.  
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In conclusion, while formaldehyde is proven to be an effective agent for 
limiting Salmonella in feeds recent research indicates concern over negatively affecting 
reproductive health of animals. More research and standards may be needed especially in the 
U.S. to determine whether formaldehyde should continue to be allowed in light of recent EU 
regulation to outlaw its use. Ricke et al. (2019) argue against outlawing it and for additional 
research focused on when and where to apply formaldehyde and at what concentration to achieve 
maximum efficacy and reduce health risks for animals and humans(Ricke et al., 2019). 
 
Recontamination 
After preventative measures have been taken to ensure that Salmonella and other 
pathogens are no longer present, manufactured feed is still susceptible to recontamination.  
Precautions must be taken to limit the chances of recontamination to increase the quality and 
safety of the final feed that the animal consumes.  Heat treatment, organic acids and 
formaldehyde – as discussed previously – are effective strategies for mitigating pathogens in 
feed due to contaminated ingredients or contamination during processing. Contamination can 
occur during processing (such as cooling), transportation, storage, and distribution (Davies & 
Hinton, 2000).  
Feed that has been decontaminated is at a high risk for recontamination during the 
cooling process.  When feed is cooled to reduce temperature of pelleted or mash feed to within 5-
10°C of ambient and lower moisture content to safe storage conditions, high volumes of ambient 
air (11-23 m3/min per ton of feed) flow through the cooler to remove the moisture and heat 
added during the conditioning stage. This air is at risk of carrying dust and pathogens from 
within and outside the feed mill with it and recontaminating the hygienized feed (Jones & 
Richardson, 2004). Dust has been shown to contain large amounts of microorganisms in the 
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range of 20 to 200 CFU per cubic meter of air.  This could theoretically result in each 10-100 
tons of previously decontaminated feed picking up 1 Salmonella organism while passing through 
the cooler (Riley, 1969). 
In 1997, Davies and Wray investigated the rate of Salmonella contamination from dust on 
milling equipment at nine feed mills.  They concluded that the receiving pits were the most 
frequently contaminated sites and coolers were the second with rates as high as 85% 
contamination at one feed mill.  In this particular feed mill, processed feed from the mill was 
tested and found to be contaminated with the same Salmonella serotypes that had been isolated 
in the coolers over a long period of time (Davies & Wray, 1997).  Typically, ambient air is 
drawn into a cooler from within its feed mill surroundings. Thus, an effective mitigation measure 
is to install a properly sized air duct to draw ambient air from outside the feed mill into the 
cooler.  The recommended intake point is the roof of the feed mill where air is expected to be 
cleanest with the air intake covered with HEPA filters. Such air filtration helps to prevent 
contamination caused by feed mill dust drawn into coolers (Goodarzi Boroojeni et al., 2016).  
Coolers also pose a high risk for recontamination because if the temperature of the top and walls 
of the cooler drops below the dew point of the entering air, water vapor inside the cooler can 
condense on the interior surfaces causing feed to stick to them and build up a higher moisture 
layer (“cake”) which creates favorable growth conditions for molds and Salmonella (Jones, 
2011; Jones & Richardson, 2004). 
Feed transportation and delivery can also be potential points of recontamination.  
Pathogens can be transmitted by personnel that work around the feed by contaminated clothing, 
shoes, and vehicles (Dewey et al., 2014).  Previous research has shown that the delivery of feed 
can contribute to the transmission of disease on farms (Dewey et al., 2014). While we are 
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unaware of any published literature that has directly linked feed delivery to an outbreak on a 
farm, a previous study has shown that Salmonella was present on 22.7% of feed trucks sampled 
(Fedorka-Cray et al., 1997). It is recommended that trucks be washed and disinfected between 
loads delivered to farms to decrease the risk of recontamination.   
The Sanitary Food Transportation Act was passed by the Food and Drug Administration 
(FDA) under the Food Safety Modernization Act (FSMA) in the United States in 2005 to 
increase food and feed safety during transportation.  The act created regulations requiring 
shippers, carriers by motor vehicle or rail vehicle, receivers, and other persons engaged in the 
transportation of food (including animal feed) to use sanitary transportation practices to ensure 
that food is not transported under conditions that may render food adulterated (Department of 
Health and Human Services, 2010).  This act includes sanitation procedures for air and 
equipment surface contacts of feed within trucks or rail cars as well as a documented and 
followed food safety plan and current good manufacturing practices (cGMPs).  It is 
recommended that vehicles delivering raw ingredients be used only for these deliveries and 
thoroughly cleaned after each delivery.  This approach is time consuming and may not prove 
feasible for all feed mills. At a minimum, it is recommended that the contents of the last three 
loads delivered before arrival be disclosed as well as the cleaning procedures used on the 
delivery vehicle (Ratcliff, 2006). 
The effect of soybean oil on protection from Salmonella contamination in a soybean 
crushing plant was studied by Morita et al. (2006). The study found that Salmonella could not be 
easily eliminated in areas containing fat accumulation (Morita et al, 2006).  Other researchers 
have also found that fats protect Salmonella from environmental and physiological stresses 
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(Nayak, 2000).  Because of this, it is important to reduce oil and fat buildup in a feed mill to 
decrease the likelihood of Salmonella surviving and spreading (Jones, 2011).   
Rodents are also another way that Salmonella can be spread within a feed mill.  Meerburg 
and Kijlstra (2007) sampled rodents and found contamination rates of Salmonella as high as 47% 
among them (Meerburg & Kijlstra, 2007).  Appropriate pest control measures should be put in 
place to prevent rodents and reduce the spread of Salmonella within feed mills.    
It has been found that feed contamination can occur because of the growth of Salmonella 
within the feed manufacturing system (Israelsen et al., 1996). Manufacturers are responsible for 
locating areas of Salmonella growth and contamination within their facilities and taking action to 
reduce the risk of contamination from these areas.  Each feed mill is different and Salmonella 
can thrive in different locations therefore it is the responsibility of the personnel at each facility 
to discover where these contamination locations are (Jones, 2011).   
Hydrothermally processed feed is at risk for recontamination during handling because 
heat treatment is a onetime process.  If the heat treatment method to remove pathogens from 
contaminated ingredients is not 100% effective, Salmonella can multiply in the feed after 
processing when the right circumstances occur, such as exposure to warm and damp conditions.  
This is likely to occur during extended feed storage on the farm or when the product is exposed 
to environmental conditions during feeding. This is mitigated by frequent just-in-time feed 
deliveries and short feed consumption periods  (Jones & Richardson, 2004). The addition of 
chemical disinfectants such as organic acids and formaldehyde can reduce the potential risk of 




Official regulations in regards to animal feed vary according to country or economic area 
and are generally less stringent compared to regulations in the food industry (Buhler AG, 2018). 
The less stringent regulations often do not provide specific guidelines and leave the 
manufacturers with the responsibility for putting biosecurity control measures in place.  Industry 
practice has increasingly been exceeding the legislative levels set by regulations to increase 
safety above and beyond what is required (Buhler AG, 2018).  
In 2010, the Food and Agriculture Organization of the United Nations (FAO) and the 
International Feed Industry Federation (IFIF) published the Feed Manual of Good Practices for 
the Feed Industry to increase feed safety and quality at the production level.  The goal of this 
manual is to support the spread of cGMPs and higher feed safety standards around the globe. 
The National Animal Health Reporting System (NAHRS) provides data from chief state 
animal health officials on the presence of confirmed World Organization for Animal Health 
(OIE) reportable diseases in the U.S. If a reportable disease is found in the U.S., there are 
specific requirements for the facility impacted. 
A number of national governments are implementing systems that redefine the respective 
roles of industry and government in delivering safe feed. The Food and Drug Administration 
(FDA) in the United States writes regulations and guidelines for animal feed manufacturers to 
follow when making animal feed. These rules help FDA ensure that feed is safe and high quality. 
In 2017, the FDA began enforcing the Food Safety Modernization Act (FSMA) which is the 
most comprehensive feed safety reform in US history.  FSMA requires that every feed 
manufacturing facility to implement a written feed safety plan to prevent hazards in animal feed 
(FDA, 2011).  The ultimate purpose of the act is to shift the industry focus from responding to 
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contamination to preventing it.  The trend of preventing contamination continues to grow and 
shift the focus of feed manufacturers worldwide. 
Codex Alimentarius sets international food standards, guidelines, and codes of practice 
for international trade. Codex has established two dedicated Task Forces, which have developed 
texts aiming at providing guidance to governments on good animal feeding practice and on the 
conduct of risk assessment and prioritization of hazards in feed (FAO-WHO, 2018). 
No international standards currently exist for consistent feed safety regulations. There are 
many guidelines and best practices that have been set as recommendations for feed 
manufacturers. Regulations vary by individual country and must be understood and followed by 
each facility to increase feed safety worldwide.   
 
Current Industry Practices 
The author of this review article had the opportunity to visit a Cobb-Vantress feed mill 
that had a large emphasis on biosecurity, and observe their current best practices.  This visit took 
place in October 2019 in Siloam Springs, Arkansas.  The purpose of this visit was to gain 
information on current industry biosecurity practices and observe a hydrothermal feed mash 
treatment system.  This feed mill was selected because it operates a hygieniser and has a strong 
emphasis on biosecurity.  This facility has led the way for implementing practical biosecurity 
measures and has served as a model for other Cobb-Vantress facilities.   
Cobb-Vantress is a poultry research and development company engaged in the 
production improvement and sale of broiler breeding stock. Cobb-Vantress is the world's oldest 
pedigree broiler breeding company and is a subsidiary of Tyson Foods headquartered in Siloam 
Springs, AR.   Since 1916, Cobb-Vantress has grown into one of the world’s leading suppliers of 
broiler breeding stock with distribution in 100 countries. Biosecurity is important to Cobb-
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Vantress because of the importance of feeding safe feed to their birds.  Because Cobb-Vantress is 
owned by Tyson Foods which produces chicken meat, it is part of an integrated feed mill system 
that is focused on the final performance of their animals.  It is essential that Cobb-Vantress 
delivers safe feed to the birds on their farms to ensure production success.   
The Siloam Springs feed mill was constructed in 2002 by Todd & Sargent based in 
Ames, IA.  At this facility, a double-pass California Pellet Mill (CPM) conditioning system with 
a hot start is used to condition the feed mash.  Feed mash is conditioned to 185F (85C) for 90 
seconds and steam is only applied in the first conditioner.  The CPM hygieniser is used to extend 
the retention time of the feed for an additional 75 seconds to control microorganisms.  The 
hygieniser is equipped with a steam jacket to prevent heat loss of the feed mash but this feature is 
not utilized at the mill because at the minimum setting it adds more heat into the hygienizer than 
what is needed.  Instead, the feed mash temperature target exiting the conditioner is raised 5°F 
above the desired product temperature exiting the hygieniser. This is based on their observation 
that the feed mash temperature drops about 5°F during its pass through the hygieniser.  Newer 
Cobb-Vantress facilities such as one in South Carolina use an electric heat tape traced jacket on 
the hygienizer which allows for better temperature control than has been achieved using the 
steam jacket.  A probe is used to monitor the product temperature during processing which is 
connected to the computer control system.  Cobb-Vantress’s primary goal during conditioning 
and hygienizing is to kill pathogens without destroying vitamins in the feed mash.  There is a 
delicate balance in terms of feed mash temperature between sterilizing feed to kill 
microorganisms and maintaining vitamin stability.  Salmonella is the primary pathogen the 
facility is concerned with and aims to control.   
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The pellet mill is capable of 50 tons per hour, however, the facility generally operates at a 
rate of 20 to 28 tons per hour to increase pellet quality and bacteria control.  A counterflow 
cooler is used to cool the pellets to within 20°F of ambient air temperature.  The cooling air is 
pulled from the top of the mill roof through #16 HEPA filters and drawn into the pellet cooler to 
help avoid reintroducing any bacteria from lower elevations.  The cooler room is separated by 
concrete and pressurized to prevent pathogens from entering this clean product zone.  When an 
employee enters a clean product zone such as this, they must step through a chlorine powder to 
clean their shoes and sanitize their hands.  
Finished feed transport trucks pose a great risk of recontamination of the feed during 
transportation and delivery.  The load-out area for the feed is contained within a positive 
pressurized clean truck bay to prevent recontamination of feed from outside bacteria.  All feed 
tractors and trailers go through an automated wash once a day at the mill.  The wash consists of 
acid (HydroWash, a commercial deep cleaning aluminum safe parts wash), soap, polisher and 
disinfecting rinse.  The stinger boom transferring feed from the truck is swabbed every time the 
vehicle comes on site.  The truck is completely and thoroughly cleaned then washed and 
subsequently heat-treated every time a swab comes back positive for Salmonella.  When truck 
drivers arrive at the mill for the beginning of their shift, they must take a shower and change into 
clean clothes provided by Cobb-Vantress.  This aids in prevention of contamination introduction 
by personnel who could potentially be carrying Salmonella.  Once a quarter, tractors and trailers 
as well as bulk feed delivery trucks are heated up to 170F (76.7C) to sanitize the interior and 
exterior of the vehicles after first being washed.  Each vehicle is held at 170F (76.7C) for 20 
minutes. It takes about 1-1.5 hours for the heat treatment system to heat up and reach steady-
state.   
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During the visit, information was gathered related to biosecurity practices at this feed 
mill.  The mill previously used to flush their entire pelleting system with a 5% formaldehyde 
flush but this practice was discontinued once it was known that this was not an approved 
practice.  For feed ingredients, no animal products are used besides some animal fats because 
animal products can contain larger amounts of Salmonella.  A “flow agent” and pellet binder 
which is known to also bind aflatoxin is added as a premix to the feed mash.  No medications are 
used at this feed mill and betaine (derived from beet juice) is used to replace choline in the feed.  
Formaldehyde is added to every batch of feed at the mixer and everything produced in this mill 
is pelleted and some subsequently crumbled.  The purpose of adding formaldehyde is to protect 
the feed from being recontaminated during transportation and delivery to the feed bins at the 
farms and from there during conveying to the bird feeding stations. 
Every incoming shipment of corn is tested for aflatoxin before the truck can unload at the 
facility.  The process takes on average about 5 minutes. A sample of corn is obtained by probing 
in the front and the back of the truck manually with a 4 foot hand-held probe which in the 
opinion of the author does not result in a sufficiently representative sample.  The sample is then 
immediately analyzed in the on-site analysis lab adjacent to the receiving pit.  Once the corn is 
received, the inlet of the air filtering system used to suppress dust during corn unloading is 
swabbed and tested for pathogens.  These samples are collected and sent to an off-site company 
lab for analysis once a day. Swab tests are run continuously and results are available immediately 
via the company database within 24 hours of submission. This is a critical part of the mill’s 
quality control and feed safety management program that aims to mitigate the amount of 
pathogens in the raw ingredients coming into the facility.   
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Cobb-Vantress pays their employees hourly to encourage them to take the needed time to 
comply with the required biosecurity measures and to not incentivize skipping steps in the 
process by hurrying.  The feed mill manager acknowledged that not every employee likely 
follows each biosecurity measure exactly each and every day because of the extra hassle the 
steps cause. However, he believes the biosecurity steps are necessary to produce safe feed 
consistently which this facility continues to achieve. 
During the visit, a lot of information was gathered on the current biosecurity practices at 
this Cobb-Vantress facility.  This facility has hosted many visitors and served as a model for 
other feed mills interested in producing safe feed. It provides a good representation as to current 
good manufacturing and biosecurity practices that appear to work for the feed manufacturing 
industry to produce good quality and safe feed.  In terms of the biosecurity measures mentioned 
earlier in this article, Cobb-Vantress takes advantage of the effects of heat treatment with the use 
of the hygienizer as well as chemical treatment with formaldehyde to protect the feed from 
recontamination.  They sample the dust-laden air in the ingredient receiving pit, the bulk feed 
load-out air filtration system, and the dust from the stinger trucks during unloading feed to test 
for Salmonella coming into and leaving their facility.  This facility recognizes the threat of 
contamination from transportation and takes precautions to sanitize vehicles before using them 
solely for transporting feed.   
 
Conclusions and Applications 
The risk of feed exposure to pathogens is everywhere and preventative measures must be 
put in place to increase feed safety.  Hydrothermal (“heat”) treatment and the use of chemicals 
such as organic acids and formaldehyde are techniques used by feed manufacturers to decrease 
contamination, increase the quality of feed during processing, and prevent recontamination 
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during transport and delivery.  Coolers, dust, and transportation pose great risks to 
recontamination of feed. Proper sampling techniques must be used to accurately measure the 
presence of Salmonella.  Steps must be taken within feed mills to decrease the risk of 
contaminated ingredients passing through into feed and sterilized feed being recontaminated 
before being fed to animals. Ultimately, this could result in human consumption of contaminated 
food which can cause severe illness.  Biosecurity must continue to be a priority for feed mills 
looking to increase food and feed safety throughout the world. 
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CHAPTER 4.    EXPERIMENTAL EVALUATION OF THE PERFORMACE OF A 
PILOT PLANT CONDITIONING-RETENTIONING SYSTEM 
The content of Chapter 4 was not included in the final copy of this thesis because the 
research collaborator Bühler Group indicated before the start of this research that data collected 
in their pilot plant facility was confidential information that could not be published. The abstract 
of the chapter has been included to provide an overview of the experimental research and 
provide context for the research presented in subsequent chapters. 
 
Abstract 
Biosecurity is important in feed manufacturing because feed can contain microbial 
hazards such as Salmonella which can result in animal and human illness.  Hydrothermal 
treatment is a commonly used process in the feed industry to reduce the number of pathogens in 
feed. Steam is added to feed in a conditioner and heats the feed to a temperature around 85°C for 
a specified amount of time to achieve microbial reduction. Recently, a machine called a 
retentioner has been deployed to extend the amount of time that feed is exposed to the increased 
conditioning temperature to increase microbial death. Homogeneity of the feed mash temperature 
during retentioning is essential to ensuring that the entirety of the feed mash reaches the targeted 
temperature to kill the pathogens. 
The objectives of this research were to conduct experimental trials to measure the 
temperature within a pilot scale retentioner, create and validate a transient thermal model of the 
retentioner, and then apply the model to a larger retentioner size to verify homogeneity of 
temperature during retentioning. Two sets of experimental trials were conducted to measure the 
temperature of feed mash within the conditioner in the radial and longitudinal direction for three 
residence times (90, 180, and 240 seconds) and two heating mat settings (on/off) at the Bühler 
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pilot plant. The thermodynamic stability of the trials varied by retention time, heating mat 
setting, and steam flow rate. The first set of trials indicated that a longer retention time yielded 
more consistent temperature values that were closer to the desired product temperature of 85°C 
than the shorter retention time.  In the second trial set, the opposite was the case.  The most 
consistent and homogenous temperature distribution in the retentioner occurred when the 
retention time was the shortest (90 seconds) and the heating mats were on. The primary 
differences in the second set of trials was a 20% higher steam flow rate and perhaps more time to 
allow steady state conditions to be reached. Overall, in both trials the use of the heating mats 
resulted in a more stable radial temperature profile of the feed mash throughout the retentioner.   
The experimental data provided the initial and boundary conditions of a physical and 
thermodynamic model of the retentioner using ANSYS Transient Thermal Analysis to better 
understand the heat transfer and loss occurring in the system.  
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CHAPTER 5.    DEVELOPMENT, VALIDATION AND APPLICATION OF A 
TRANSIENT THERMAL MODEL FOR THE RETENTIONING STEP IN FEED 
MANUFACTURING TO ENSURE THERMAL REDUCTION OF SALMONELLA  
Abstract 
Retentioners are used in feed manufacturing to extend the amount of time that feed mash 
is exposed to high temperature conditions to increase pathogen destruction. To obtain the desired 
level of thermal death of microorganisms, manufacturers need to be confident that the targeted 
temperature is maintained for the entire duration of retentioning. Heating mats can be utilized on 
the outside walls of the retentioner to prevent heat loss of the product during the retention time. 
The purpose of this analysis was to develop a thermal model of the retentioner to 
understand the interaction between product (feed mash) and equipment (retentioner), provide 
insight into the impact of heating mat temperature on product temperature, and use the model to 
verify conditions are maintained in commercial scale retentioner sizes to ensure pathogen 
destruction. Through collecting temperature data during two sets of trials using a pilot scale 
retentioner, a transient thermal model was constructed and validated.  The model’s predicted 
results varied from the measured results due to some experimental error and oversimplification 
from assumptions. Nevertheless, the majority of the data was within the acceptable percentage 
difference of 10% or less. The validated model was applied to the largest commercial retentioner 
size and inferences about scale up were analyzed.  This computational model can be useful for 
ensuring that heat treatment is effective during feed mash processing and that the desired kill-
step effect is achieved.  This model is useful in analyzing additional scenarios of interest 
regarding retentioning. Ensuring effective heat treatment increases biosecurity within feed mills 
and helps increases the likelihood that safe feed is delivered to customers and fed to animals, and 
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Biosecurity is important in the feed industry because contaminated feed is one of the first 
introduction pathways for Salmonella enterica and other disease causing bacteria such as 
Lysteria monocytogenes, Campylobacter, and Escherichia coli to enter the food value chain 
(D’Mello, 2004). Heat treatment is a common technique used during feed processing to reduce 
microbial contamination and increase feed quality.  Steam conditioning as a form of heat 
treatment is an essential step prior to pelleting to increase microbial destruction caused by heat in 
feed processing.   The main factors that determine the effectiveness of the heat treatment on feed 
decontamination is the processing time, the moisture content of the feed, and the temperature of 
the mash and steam (Himathongkham et al., 1996).   
Companies have produced a feed manufacturing device, commonly referred to as a 
hygieniser or retentioner, to extend the amount of time the feed mash is exposed to the effects of 
conditioning immediately before pelleting to increase thermal decontamination. The goal from a 
processing perspective for feed manufacturing is to maintain the temperature of the feed mash 
exiting the conditioner for the entire retention time to be sure that the process achieves the 
desired kill step.  This can be done by adjusting the heating mats or steam jacket that is 
commonly found on the outside of retentioners/hygienisers to prevent heat loss during 
retentioning.   
The previous chapter summarizes trials ran in the feed pilot plant of Bühler AG, Uzwil, 
Switzerland to collect experimental data of feed mash temperature in the radial and longitudinal 
direction of a pilot-scale retentioner, and inlet and outlet moisture content of the feed mash after 
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conditioning and before retentioning. The objective of this chapter is to use the experimental data 
to create and validate a transient thermal model of the retentioning step to scale up to larger 
retentioner sizes. The ultimate goal of the project is to ensure that feed mash is sterilized by 
reaching the desired temperature homogenously for the appropriate amount of time to achieve 
the desired “kill-step” for microbial destruction during processing. 
Transient thermal analysis determines temperatures and other thermal quantities that vary 
over time. This type of analysis is commonly used by engineer for thermal stress evaluations and 
many heat transfer applications such as heat treatment problems, nozzles, engine blocks, piping 
systems, pressure vessels, etc. A transient thermal analysis follows a similar procedure to a 
steady-state thermal analysis with the main difference being that most applied loads are functions 
of time.  
A thermal analysis calculates the temperature distribution and related thermal quantities 
in a system or component.  Thermal qualities that can be evaluated include temperature 
distributions, amount of heat lost or gained, thermal gradients, and thermal fluxes.  This makes a 
transient thermal model applicable for modeling the retentioner as the heat lost or gained due to 
the heating mat and air temperature are of interest as well as the thermal gradient within the feed 
mash.  
The basis of the ANSYS transient thermal analysis is a heat balance equation obtained 
from the principle of conservation of energy. The modeling software uses the finite element 
method (FEA) to calculate nodal temperatures and then uses these nodal temperatures to obtain 
other thermal quantities of interest. Finite element methods are used to solve initial boundary 
value problems in the form of a partial differential equation(s) by constructing an approximate 
solution to the problem. 
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In heat transfer analysis, the heat flow due to temperature differences and the subsequent 
temperature distribution and changes are analyzed. The ANSYS program handles three heat 
transfer methods: conduction, convection, and radiation heat transfer. Conduction describes the 
heat flow inside a solid body. The energy transfer depends upon the thermal conductivity of the 
body, the area of the body, the temperature differential, and the thickness of the body. 
Conduction always occurs if there is a temperature gradient within an object. Convection 
describes the heat exchange between an external face of a solid body and the surrounding fluid 
such as air or water.  Radiation describes the heat transfer phenomenon in which energy is 
transferred in the form of electromagnetic waves between two separated objects. In the case of 
analyzing the heat transfer within the retentioner system, only conduction was considered as the 
impact of the heat flow inside the body is much larger than convection from the ambient air 
surrounding the retentioner and any radiation that may be occurring.  Only the effect of 
conduction over time on the heat transfer from the surrounding retentioner wall and headspace 
air is of interest for the retentioner transient thermal model. 
Assuming there are no sources of energy other than thermal energy, the balance of energy 
states that: 
 
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦  
=  ℎ𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑏𝑦 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒𝑠 +  ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑤 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑏𝑜𝑑𝑦 
(5-1) 
FEA solves partial differential equations based on a variational approach. One 







) + 𝑄 = 0 (5‐2) 
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To develop the finite element formulation, the partial differential equation must be 
restated in an integral form which is called the weak form. The second order partial differential 
equation used in transient thermal analysis demand a high degree of smoothness which means 
the second derivate of the displacement has to exist and be continuous for the solution to 
converge. The name states that solutions to the weak form do not need to be as smooth as 
solutions of the strong form, which implies weaker continuity requirements.  
To compute a solution to the simulation using FEA, a mesh, consisting of up to millions 
of small elements that together form the shape of the structure needs to be created. The solver 
applies discrete conservation equations (in this case heat flux) to each individual cell within the 
mesh.  Combining the individual results gives the final result of the structure. These equations 
are obeyed in all cells to a specified tolerance or the solver stops and the solution will not reach 
convergence. This can occur when the mesh size is too small, the time step is too large, or if 
there are other errors in the model that are infeasible.  
A transient thermal can be applied to the retentioner by creating a gemoetry consisting of 
the air, feed mash, and retentioner wall. The computer simulation will model the conduction het 
transfer over time occuring in the retentioner as a result of the heat flux within the system. This 
model can be validated using the temperature data collected during the two sets of experimental 
trials and applied to a commercial scale retentioner to understand the conditions for scale up. 
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Materials and Methods 
Thermal Analysis Approach: 
ANSYS Transient Thermal Analysis modeling software was selected to model the heat 
transfer within the retentioner system.  This approach predicts the heat transfer between the pilot 
plant air, retentioner wall and feed mash inside the retentioner by setting initial time and 
temperature conditions for the three materials.   
Transient thermal modeling was chosen over other models because it can be used to 
model heat transfer in 2D.  This simplified the approach compared to a 3D model and allows the 
feed mash to be represented as one material without considering the feed mash flow pattern 
which was not measured or quantified during the validation trials.  The transient thermal model 
is initialized with the headspace air temperature, heating mat set-point temperature and feed 
mash temperature measured during the validation trials.  The model can be set to run for the 
respective amount of time of the trial (90, 180 and 240 seconds).  The 2D model accounts for the 
feed mash contacting the retentioner wall and the headspace air for the specified retention time. 
The screw moving the mash through the retentioner is not considered in the transient 
thermal analysis because the mash flow pattern is assumed uniform and thus not considered.  The 
temperature of the screw was not measured in the physical trials and was unknown.  Also, the 
screw only makes up a small area of the cross section and therefore its effect on the feed mash 
temperature was assumed to be negligible for the purpose of this analysis.  The main interest of 
the transient thermal analysis is to quantify the effect of the heating mats on the feed mash 
temperature subject to different retention times. 
 
Modeling Assumptions: 
The following assumptions were made to simplify the modeling approach:  
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Table 5-1: Assumption, reasoning and results applied to the transient thermal retentioner model 
Assumption Reasoning Result 
Retentioner is control 
volume, volume is 
constant. 
Retentioner walls define the system, 
the fill level in the retentioner does 
not change. 
Steady state flow, 




The density of the feed mash is not 
changing.   
The feed mash will be 
modeled as a uniform 
material. 
Bulk density is the density 
of the moist product. 
Product is coming into the system 
pre-moistened from the conditioner. 
Constant density. 
Three materials; feed 
mash (defined according 
to measured properties), 
steel (retentioner wall) 
and air (headspace). 
The three materials that contribute to 
heat transfer in the retentioner are the 
heating mats, headspace air and feed 
mash. 
Model will consist of three 
separate regions defined as 
feed mash, headspace air 
and retentioner wall. 
No mixing of particles. Particles are mixed prior to the 
retentioner to create a uniform phase 
and particle interactions will not be 
modeled.  There is no information 
available about the movement of 
particles in the screw. 
Particle to particle 
interactions will not be 
modeled (separate phase of 
project). 
Overall feed mash 
moisture content does not 
change. 
This was measured during the trials 
and observed to be true. 
No overall moisture 
change between the two 
phases during retentioning. 
All steam is condensed 
when entering the 
retentioner. 
No moisture content increase was 
observed during retentioning.  No 
steam condensation occurring during 
retentioning. 
Do not have to model 
steam particles, accurate 
representation of the 
system. 
Screw moves the product 
at a constant speed. 
Product flow rate is constant and 
depends on the screw speed. 
Steady state flow. 
Two dimensional. Two dimensional retentioner cross 
section can predict the radial 
temperature distribution subjected to 
a specified retention time.  Time 
corresponds to a longitudinal location 
along the length of the retentioner.  
Diffusion in the axial direction is 
negligible compared to the diffusion 
in the radial direction.  The axial 
diffusion is slower than the material 
transport speed.   
Model can be simplified in 
two dimensions and heat 
transfer can be predicted 





ANSYS Transient Thermal Analysis was used to construct this model.  Transient thermal 
analyses determine temperatures and other thermal quantities that vary over time. This allows for 
application of this model to predict the temperature effect on conditioned feed mash during 
retentioning. 
Model variable inputs: 
 Feed mash temperature 
 Heating mat temperature 
 Headspace air temperature 
 Retention time 
 Equipment dimensions (further validation required) 
 
Engineering data 
Engineering Data is a resource for material properties used in the transient thermal 
software analysis system.  Structural steel was used for the retentioner wall, air was used for the 
headspace and the feed mash was created as a custom material with the same thermophysical 
properties of the feed mash measured during the trials.  The complete list of material properties 
can be found in the Appendix. 
Thermophysical property values used for the feed mash: 
o Density: 0.64 metric t/m3 
o Thermal Conductivity: 0.19 W/m-C (0.15 W/m-C corn, 0.21 W/m-C for 
barley) 
o Specific Heat: 1.72 kJ/kg-C 
60 
Geometry 
The gemeotry was made using SpaceClaim in ANSYS (Figure 5-1).  It was constructed 
according to the dimensions of the pilot scale retentioner used during the trials.  The technical 
drawing of the retentioner can be found in the Appendix.  The drawing includes the retentioner 
wall (5 mm thick) with an interior diameter of 315 mm divided between feed mash up to a 
specified fill level and air on the top above the fill level.  This division is located at the 60% fill 
level of feed mash in the retentioner that represents the experimental conditions in both sets of 
trials. 
 
Figure 5-1: SpaceClaim geometry of the cross-sectional area of the simulated pilot plant retentioner. 
 
Connections 
The connections between the feed mash and the wall, the air and the wall, and the feed 
mash and the air were defined as the three connections in this model.  Connections represent the 
contact area at the boundary of each section that consists of different materials.  Contacts 
determine the transfer of heat between two domains.  They were assumed to be ideal, i.e., there is 
no additional resistance inhibiting heat exchange. 
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Mesh 
The mesh was generated using the sweep method with inflation at the contact regions 
(Figure 5-2 and Figure 5-3).  The element size of the mesh was set to 5 mm.  The mesh contained 
a total of 88,477 nodes and 12,163 elements.  The inflation method was utilized to increase the 
number of nodes near the contact regions to improve the accuracy of heat transfer between the 
three bodies (wall, air and feed mash). 
  
Figure 5-2: Mesh of nodes and elements of the cross-sectional area of the simulated pilot plant retentioner. 
 
Figure 5-3: Close up of the inflation layers near the wall of the simulated pilot plant retentioner. 
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Time step and simulation period 
The initial time step size was set to 1.e-003 seconds and the end time of the simulation 
was set to the corresponding retention time for each trial (90, 180 and 240 seconds).  
 
Model Initialization: 
This numerical model consists of two initialization steps, the first to set the initial 
conditions (for the first 1e-6 s) and the second step (the remaining retention time) to release the 
initial conditions, set the boundary condition for the heating mats, and compute the transfer of 
heat within the retentioning system.  Each initialization step invokes an ANSYS Parametric 
Design Language (APDL) script where the initial conditions for the air and the retentioner wall 
can be set.  The initial condition APDL snipped contains a linear radial temperature distribution 
for mash. The center and wall boundary temperatures for mash can be calculated accordingly.  
To accurately portray the conditions of the trials conducted for validation of the model, an initial 
radial temperature distribution was not considered because it was assumed the feed mash entered 
the retentioner at steady-state with a constant and uniform temperature profile.  The APDL script 
for the initial temperature conditions can be found in the Appendix. 
 
Model Validation: 
The model will be validated using the experimental temperature data collected during the 
second set of pilot plant trials. Model simulations will be ran for all six sub-trials using the 
retention time, heating mat setting, headspace air temperature, and feed mash temperature 
determined during the trials (Table 5-2). The models predicted temperature at the 30, 60, and 90 
mm position from the retentioner wall will be compared to the temperature measured at these 
positions at probes 4 and 7 during the experimental trial set. Probe 4 is approximately half-way 
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down the length of the retentioner and probe 7 is located at the end.  Therefore, the models 
predicted temperature for comparison to the experimental values will be collected at the halfway 
through the simulation (for probe 4) and at the end of the simulation (for probe 7). The predicted 
and measured values will be compared and a difference of 10% or less will be considered 
acceptable for validation purposes. 
Table 5-2: Initial conditions from the six sub-trials of experimental trial 2 used for the validation of the 
computational model.  








1 240 22.9 82.4 76.5 
2 180 22.9 71.5 75.0 
3 90 22.9 76.3 76.6 
4 240 95.0 84.4 77.0 
5 180 95.0 80.0 75.8 
6 90 95.0 85.2 79.7 
 
Model Application: 
After verification and validation, the numerical model was applied to the largest 
retentioner Bühler supplies to the market to analyze conditions and performance under scale up.  
The largest retentioner is 1 meter in diameter compared to 0.315 m diameter of the pilot plant 
retentioner.  The model was run using the temperature conditions measured during the trials and 
compared to the predicted results for the same initial conditions of the pilot plant retentioner. 
 
Results and Discussion 
Validation of the Transient Thermal Model 
Using the radial and longitudinal temperature data collected during both experimental 
trials, the transient thermal model was developed and validated.   
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Experimental Trials Used for Validation: 
The initial conditions for retention time, wall temperature, headspace temperature, and 
feed mash temperature used for validation the performance of the computational model were 
those measured during the second set of experimental trials (Table 5-2).  The retention times of 
90, 180 and 240 seconds were used.  The wall temperature was set at 22.9C according to the 
ambient temperature in the pilot plant when the heating mats were off and 95C when the heating 
mats were on.  The headspace air temperature in the retentioner above the feed mash was set 
according to the beginning headspace temperature measured during the trials at position 2.  This 
temperature value represents the air temperature at the beginning of the retentioner.  It is noted 
that in four out of the six sub-trials the headspace temperature was higher than the feed mash 
temperature. In sub-trials 2 and 3, when the heating mats were turned off, this was not the case 
(Table 5-2). The mash temperature used for the initial condition was measured during the second 
set of trials from the grab samples of the product entering the retentioner.  
During the experimental trials, the feed mash temperature was measured at probe 
locations 4 and 7 at 30, 60 and 90-mm depth in the radial direction of the retentioner.  Probe 4 
was located at the half way point of the longitudinal direction of the retentioner and probe 7 was 
located at the retentioner exit.  These values were measured during the sub-trials and are shown 
in Table 5-3.   Temperatures at the same locations can be predicted by the transient thermal 
model and compared to the values measured during the experimental trials.  For validation of 
model predictions, a node was selected at the 30, 60 and 90 mm locations.  The temperature at 
half of the retention time was used for the probe 4 value and the temperature at the end of the 
retention time was used for the probe 7 value representing the feed mash temperature at the 






Figure 5-4: Graphical representation of measured values at three locations along the radius and two probe 
locations along the length of the retentioner from the six sub-trials of experimental trial 2 used for model 
validation. 
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Table 5-3: Measured values at three locations along the radius and two probe locations along the length of the 
retentioner from the six sub-trials of experimental trial 2 used for model validation. 
 
Probe 4 Probe 7 
Trial # 30 mm 60 mm 90 mm 30 mm 60 mm 90 mm 
1 81.6 83.1 82.7 66.5 82.8 82.8 
2 55.0 67.0 69.5 73.0 74.0 75.9 
3 69.9 79.3 80.0 49.0 77.2 79.2 
4 82.8 83.5 82.9 60.0 82.6 83.0 
5 62.0 74.0 80.0 59.8 75.9 80.0 
6 81.0 85.2 84.0 82.6 84.1 83.2 
 
Model Predictions: 
Table 5-4: Temperature values predicted by the transient thermal model at three locations along the radius 
and two locations along the length of the retentioner 
 
Probe 4 Probe 7 
Trial # 30 mm 60 mm 90 mm 30 mm 60 mm 90 mm 
1 76.2 76.5 76.5 70.1 76.5 76.5 
2 73.6 75.0 75.0 71.3 75.0 75.0 
3 76.5 76.6 76.6 75.9 76.6 76.6 
4 77.0 77.0 77.0 77.0 77.0 77.0 
5 75.8 75.8 75.8 75.8 75.8 75.8 
6 79.7 79.7 79.7 79.7 79.7 79.7 
 
 
Table 5-4 displays the predicted temperature values obtained from the transient thermal 
model using the trial initial conditions from Table 5-2.  For all trials (and residence times), the 
temperatures at the 60 and 90 mm radial locations and probe locations 4 and 7 along the length 
of the retentioner are the same as the respective initial mash temperatures. With the heating mats 
on (trial set 2, sub-trials 4-6), that also holds true for the 30 mm location. Only when the heating 
mats were off (trial set 2, sub-trials 1-3), was a temperature decrease observed at the 30 mm 
radial location and along the length of the retentioner between probe locations 4 and 7.  
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The predicted values from the transient thermal model (Table 5-4) were compared to the 
experimental values (Table 5-3) based on percentage differences (Table 5-5). Percentage 
differences in all trials for the 60 and 90 mm radial locations along the length of the conditioner 
at probing locations 4 and 7 were less than 10% indicating good agreement between predicted 
and observed temperatures.  At the 30 mm radial probing location, results were less consistent.  
At the probe 4 location, sub-trials 2 and 5 had percentage differences of -25.3% and -18.2%, 
respectively, compared to the other 4 sub-trials that had percentage differences of less than 10%.  
Probe location 7 had percentage differences of -35.4%, 22.1%, and 21.1% for sub-trials 3, 4 and 
5, respectively, while the other three sub-trials had less than a 10% difference. In general, a 
difference of 10% or more between predicted and observed results point to experimental error, 
modeling error, or a combination of both.  
Table 5-5: Percentage differences in temperature values between the predicted and measured values. 
 
Probe 4 Probe 7 
Trial 
# 
30 mm 60 mm 90 mm 30 mm 60 mm 90 mm 
1 7.1% 8.6% 8.1% -5.1% 8.2% 8.2% 
2 -25.3% -10.7% -7.3% 2.4% -1.3% 1.2% 
3 -8.6% 3.5% 4.4% -35.4% 0.8% 3.4% 
4 7.5% 8.4% 7.7% -22.1% 7.3% 7.8% 
5 -18.2% -2.4% 5.5% -21.1% 0.1% 5.5% 
6 1.6% 6.8% 5.4% 3.6% 5.5% 4.4% 
 
The results obtained from the transient thermal analysis show that the only temperature 
changes that are predicted to occur in the feed mash are near the inner wall surface of the 
retentioner at the 30 mm mark (Table 5-4) when the heating mats are off.  The thermal 
conductivity of the feed mash is low (0.19 W/m-C) compared to the steel wall (60.5 W/m-C) 
and conducts heat poorly.  The low thermal conductivity in combination with a relatively short 
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retention time (maximum 240 seconds) results in heat transfer only occurring near the retentioner 
wall-feed mash boundary and not penetrating deeper into the feed mash.   
During the physical trials when the heating mats were turned off, the product within 30 
mm of the retentioner wall decreased by up to 35°C from the initial 75.0-76.6C to a temperature 
distribution ranging from 40C closest to the retentioner wall to the initial feed mash temperature 
(Figure 5-4).  The predicted trend of the product within 30 mm from the retentioner wall being 
cooler than the product towards the center of the retentioner and along its length when the 
heating mats were off was consistent with the experimental data trends (Table 5-3).  For 
example, in sub-trial 1 with the heating mats off, the temperature at 30 mm for probe locations 4 
and 7 was 81.6C and 66.5C, respectively.  These values are both lower compared to the 60 and 
90 mm measurement at the same locations which measured as 83.1 and 82.7C (probe 4) and 
82.8C for both (probe 7), respectively (Table 5-3).  The temperature values at the 30 mm 
location also decreased from probe 4 to probe 7 which is in agreement with the model’s 
predicted temperature values decrease from 76.2 C to 70.1 C (Table 5-4).   
The largest change in temperature predicted by the transient thermal model was for sub-
trial 1 at the 30 mm position from probe 4 to probe 7 (-6.1C).  Sub-trial 1 had the longest 
retention time of 240-seconds which allowed for the most heat loss to occur at the wall-feed 
mash boundary compared to the shorter retention times for the model.  This is inconsistent with 
the physical trials which resulted in the largest temperature decrease (probe 4 to probe 7) of 
20.9C occurring during the 90-second retention time (trial 3) compared to a 15.1C temperature 
decrease for the 240-second retention time (trial 1). The 180-second retention time resulted in a 
temperature increase of 18C.  During the validation trials, sub-trial 1 had an initial headspace 
temperature that was higher than the initial feed mash temperature compared to trials 2 and 3 that 
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had initial headspace temperatures lower than the initial feed mash temperature (Table 5-2).  
Although sub-trial 1 had a higher initial headspace temperature, it still resulted in the largest feed 
mash temperature decrease.  Air has a lower thermal conductivity (0.024 W/m-C) than the steel 
and feed mash and conducts heat poorly.  Therefore, the effect of the headspace air temperature 
on the feed mash temperature was insignificant in the model.  
When the heating mats were turned on, the product within 30 mm of the retentioner wall 
increased by up to 20°C with a temperature distribution ranging from 95C at the retentioner 
wall to the initial feed mash temperature of 75.8-79.7C (Figure 5-6).  The predicted trend for the 
feed mash within 30 mm of the retentioner wall being hotter than the initial mash temperature 
with the heating mats on was observed in trial set 2, sub-trial 6 where the feed mash was initially 
at 79.7C and increased to 81.0C and 82.6C along the length of the retentioner (probe 4 and 
probe 7).  This is consistent with the simulation results that predict the feed mash temperature 
within 30 mm of the retentioner wall increasing during the retention time (Figure 5-6).  Sub-trials 
4 and 5 did not show the same trend of temperature increasing from the initial product 
temperature at the 30 mm location due to the heating mats like sub-trial 6 did.  For sub-trial 5 
with the heating mats on, the initial product temperature was 75.8C and had a resulting 
temperature of 62.0C and 59.8C respectively for both probes at the 30 mm location.  These 
values are both lower compared to the 60 and 90 mm measurements at the same locations which 
was 74.0C and 80.0C for probe 4 and 75.9C and 80.0C for probe 7, respectively. (Table 5-3).  
This is similar to sub-trial 4 where the temperature at the 30 mm location for probe 7 (60.0C) 
was also less than the initial product temperature (77C). However, probe 4 had a higher 
temperature than the initial product at 82.8C. Sub-trials 4 and 5 do not consistently show the 
model’s predicted trend of higher product temperature near the 30 mm position compared to the 
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interior of the retentioner.  This inconsistency is likely due to measurement issues and 
temperature instability during the physical trials. 
The temperatures collected from the trials did not consistently indicate higher 
temperatures on average with the heating mats on versus off at the 30 mm measurement position 
compared to the 90 mm position as the simulation results indicated and as would be expected 
(Table 5-3).  The heating mats not only insulate the walls of the retentioner and prevent heat loss 
from the product through the highly conductive steel wall but depending on the heating mat 
temperature settings can cause the feed mash temperature to increase along the mash-wall 
interface.  The model did not indicate any change in temperature of the feed mash at the mash-air 
interface.  The only significant temperature change of the feed mash is predicted to occur near 
the retentioner wall.   
In trial set 2, at 60 and 90 mm inside the retentioner, little to no temperature fluctuations 
were observed regardless of the heating mat settings which was consistent with what the 
transient thermal model predicted, i.e., no temperature change regardless of initial conditions at 
the 60 and 90 mm positions along the length of the retentioner.  For sub-trials 1, 2 and 3 at 90 
mm with the heating mats off, the temperature change between locations 4 and 7 were 0.1C, 
6.4C and -0.8C, respectively.  For the same three sub-trials at the 60 mm location, the 
temperature change between locations 4 and 7 were 0.4C, -7.0C and 2.1C, respectively.  The 
simulation model for sub-trials 1, 2 and 3 predicted no temperature change at the 60 and 90 mm 
locations which is consistent with what would be expected and shows less than 10% difference 
between the predicted and measured values for all instances except for sub-trial 2, probe 4 at 60 
mm which had a difference of -10.7% (Table 5-5).   
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For sub-trials 4, 5 and 6 at the 90 mm location with the heating mats on, the temperature 
change between locations 4 and 7 were 0.1C, 0.0C and -0.8C respectively.  For these same 
three sub-trials at the 60 mm location, the temperature change between locations 4 and 7 were 
0.9C, -1.9C and 1.1C, respectively.  The simulation model for sub-trials 4, 5 and 6 predicted 
no temperature change at the 60 and 90 mm locations which is consistent with what would be 
expected and reflects less than 10% difference between the predicted and measured values 
(Table 5-5). The change for all sub-trials between locations 4 and 7 was minimal and was not 
affected by the heating mat setting.  For both the trials and the model, the heating mat conditions 
did not have an effect on the product at 60 and 90 mm from the wall of the cylinder.  
 
Figure 5-5: Sub-trial 2 predicted temperature profile at 180 seconds with heating mats off 
 
 
Figure 5-6: Sub-trial 5 predicted temperature profile at 180 seconds with heating mats on 
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While the predicted results from the transient thermal model did show similarities in 
trends with the data collected during the trial, there were substantial differences between them 
(Table 5-5).  The 30 mm position had the largest difference between the model and the measured 
physical temperature values with differences as high as 25.3% (Table 5-5) compared to the 60 
and 90 mm positions with differences as high as 10.7%  and 8.2%, respectively.  Acceptable 
percentage difference are typically 10% or less.  Comparing the transient thermal model to the 
physical trials, six out of the 36 data points are not in the acceptable range (Table 5-5).  Five of 
these six outliers occur at the 30 mm location and the sixth outlier occurs at the 60 mm location 
for sub-trial 2, probe 4 which also has an outlier at 30 mm for the same probing location.  
The temperature data collected during the trials was limited to one to two replicates per 
operating condition and was measured using a hand-held temperature probe.  Once the probe was 
inserted into the retentioner at the desired measurement position, approximately 15 seconds were 
allowed to elapse until the measurement was recorded to allow the temperature probe to 
equilibrate with the feed mash and output a stable reading.  In a number of cases, the 
thermodynamic conditions in a particular position inside the retentioner were too dynamic with 
temperature continuing to decrease steadily so the reading after about 30 seconds was recorded.  
Temperature instability as observed during the trials was not predicted by the transient thermal 
model because the model assumes steady state flow of feed mash and the feed mash entering the 
retentioner is homogeneous. Sub-trials 1 and 6 resulted in all of the data points being within the 
acceptable percentage difference range.  These were the only two trials that were replicated 
during experimentation due to a lack of time and the values used for validation were averages of 
the two data sets collected.  This suggests that a lack of physical data and replication for the 
other four sub-trials could contribute to the inconsistencies noted between the model and the sub-
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trials.  Therefore, the transient thermal model does a reliable job on predicting the heat transfer 
that is occurring during retentioning as validated by the limited data collected during the physical 
trials. 
The validation trials indicated that a higher steam flow rate in the conditioner leads to 
more thermodynamic stability within the feed mash.  This would presumably result in a more 
uniform and higher initial temperature of the feed mash entering the retentioner.  In the transient 
thermal model, the feed mash temperature was assumed to be homogenous and based on the 
temperature of the grab sample exiting the conditioner.  The temperature of the feed mash 
entering the retentioner may not be uniform and could be impacted by the steam flow rate and 
conditioning effect.  The steam flow rate and quality are not variables that were so far considered 
in this transient thermal model.  The transient thermal model can be modified to represent a feed 
mash with a temperature profile that is not uniform.  This was not considered for this analysis 
because the temperature distribution within the feed mash entering the retentioner is not known 
but could be presumed in future what-if scenarios with the model.   
The validation of the model reinforces that the majority of heat transfer between the 
retentioner wall and the feed mash is happening near the wall-mash interface.  The majority of 
the feed mash at the 60 mm and 90 mm locations for all initial conditions is exiting the 
retentioner at the same temperature that it entered. The temperature differences were as low as 
0.3C with a median of -0.7C (Table 5-6). This is consistent with the transient thermal model 
which predicts no temperature change at 60 and 90 mm between the beginning and end of the 
simulation for all trials (Table 5-4).   
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Table 5-6: Temperature differences between feed mash entering and exiting the retentioner as measured by 
probes 2 and 7 (C) for the six sub-trials of experimental trial 2. 
Trial 60 mm 90 mm 
1 -1.0 -0.3 
2 -0.5 -2.2 
3 -8.2 -0.8 
4 -0.6 -1.6 
5 -2.9 2.9 
6 0.8 0.5 
 
 
The transient thermal model is a simplified version of the retentioner. The assumptions 
made for the model resulted in a steady-state heat transfer between the retentioner wall and the 
feed mash with little to no heat transfer occurring between the feed mash and the air.  The 
thermodynamic stability predicted by the transient thermal model was not consistently observed 
in the physical trials but is expected in real-life operation of the feed mash heat treatment system.  
For example, in sub-trial 3 the temperature at the 30 mm position dropped from 69.9C to 49.0C 
from probe position 4 to position 7 (Table 5-3).  This is about a 20C drop in temperature 
compared to a 0.4C drop in temperature predicted by the model (Table 5-4) when the heating 
mats are off, and zero degree change with the heating mats on.   
The assumptions made in developing this model impact the accuracy of the predicted 
results.  The measured data from the trials was somewhat consistent with how the retentioner 
performed during the validation trials and how the model predicts it to perform. Even though the 
model is a simplified version of the physical system and did not take all physical factors into 
account, it actually predicted the heat transfer in the retentioner at most locations of the six sub-
trials within acceptable process engineering accuracy of less than 10% difference.  The 
assumption that the feed mash enters the retentioner at a uniform temperature is likely an 
oversimplification in the model.  During the trials, temperature readings were frequently unstable 
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and changing.  The temperature of the feed mash may not be consistent out of the conditioner. 
This variability over time is not accounted for in this model which is based on steady-state initial 
conditions.  The temperature variation of the feed mash over time and the distribution across the 
radius of the retentioner is unknown and therefore was not considered in this version of the 
model. However, it could explain differences between predicted versus measured temperature 
values in the trials conducted.   
The screw was also not modeled in the transient thermal model. It could be contributing 
to variability in temperature due to mixing of the feed mash along the length of the retentioner.  
Mixing would distribute the heat added from the heating mats along the walls throughout the 
feed mash instead of concentrating the temperature change at the wall-mash interface. Likewise, 
when heating mats are off, it would cool the feed mash more substantially. The insulation effect 
of the heating mats was not considered in the model as the steel retentioner wall was initialized 
at ambient conditions of 22.9C. The insulation of the heating mats was not considered in the 
thermal conductivity of the steel wall.   
Another unknown variable is the effect of feed mash particle size. Feed mash particles of 
different compositions conduct heat differently.  This model assumed that the feed mash was 
uniformly mixed and modeled as one uniform material with the same properties.  The particle-to-
particle interactions were not modeled and particles of different sizes may not have the same 
temperature entering the retentioner.  During the trials moisture content differences were 
quantified for larger (>2000 micro meter) and smaller particles of outlet grab samples. The effect 
of moisture differences are also not accounted for in the current model version.  
Due to the limited data collected during the validation trials and the inability to model 
other key variables such as steam flow and quality, the model is limited in predicting measured 
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values and expected performance of the retentioner.  However, it does allow for quantification of 
the effect of the heating mats on feed mash temperature in the radial direction of the retentioner 
and along its length.  This model can be used to predict the effect of the heating mats on the feed 
mash closest to the retentioner wall.  The model can be used to simulate different retention times, 
initial feed mash temperature, and heating mat temperature effect on the outer layer of feed mash 
within the retentioner.  This allows the user to determine optimal heating mat temperatures for 
different feed mill ambient conditions and feed mash retention times to minimize heat loss and 
energy costs while maintaining the target feed mash temperature and achieving the targeted heat 
sterilization effect.  Through this validation of the model with the limited data set, the model has 
proven to accurately predict the heat transfer occurring within the retentioner and can therefore 
be used to analyze what-if scenarios. 
The transient thermal model is a simplified two dimensional model of the retentioner that 
predicts the effect that heating mat settings and retention time have on a feed mash of uniform 
composition at the wall-mash interface.  The model’s predicted results varied from the measured 
results of the validation trials due to oversimplifications from assumptions. Nevertheless, the 
majority of the data was within the acceptable percentage difference of 10% or less.   
The transient thermal model can be useful in predicting the heat transfer caused by the 
heating mats and retention time on the feed mash temperature.  Other effects that the initial 
retentioner wall conditions have on feed mash temperature can be predicted for scenarios such as 
cold weather with heating mats off or turning the heating mat temperature above 95C. 
The effect of the screw on mixing of the feed mash can be modeled using a 
Computational Fluid Dynamics (CFD) approach.  The exact physical properties of the feed mash 
must be known to model how the screw would pick up product as it rotates.  Ring shear tests 
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were conducted at Bühler’s laboratory on the feed mash to determine mash properties such as 
wall friction and stress-strain relationship.  The results of these tests varied significantly and did 
not provide definitive mash properties to accurately construct this type of model.  Data is also 
missing from physical trials as to what mixing in the retentioner is occurring in order to validate 
such a model. 
Steam addition appears to have a large effect on feed mash temperature and stability.  
Ultimately, the purpose of the transient thermal model is to validate the kill-step in safe feed 
production.  The kill-step involves heating the mash to 85C to ensure that pathogens such as 
salmonella are destroyed.  From the trials conducted, it was unclear what the exact temperature 
of the feed mash is entering the retentioner. There was a significant difference between the 
temperature of the collected grab sample and the Pt100 sensor of the mash entering the 
retentioner.  The transient thermal model predicts that the retentioner only adds a small amount 
of heat into the systems at the wall-mash interface and does not add heat to the entire feed mash.  
This was observed during the physical validation trials. There was also little change between 
feed mash temperature at position 2 and 7 for the 60 and 90 mm probing depth (Table 5-6).  
Therefore, the temperature of feed mash entering the retentioner is an important factor because it 
has a significant effect on the temperature of the feed mash exiting the retentioner.   
The conditioner was not considered for this model but plays an important role in 
achieving the kill-step.  The retentioner heating mat conditions only affect the temperature of the 
feed mash at the outer 30 mm and can be useful in maintaining the heat of the mash once it exits 
the conditioner but not for adding heat to the entire volume of feed mash.  Therefore, to achieve 
the 85C temperature target for the kill-step, the product entering the retentioner must be at least 
85C. The transient thermal model can be used to determine the appropriate heating mat setting 
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to maintain the temperature for the duration of the retention time. This is especially important in 
geographic locations where temperatures vary substantially between cold and warm seasons.   
Bottom line, this validation study has proven that the transient thermal model predicts 
temperature in the retentioner with an acceptable accuracy of 10% or less.  Therefore, this model 
is considered useful in analyzing additional scenarios of interest regarding retentioning. 
 
Application of the Transient Thermal Model: 
The validated computational model was applied to the largest Bühler-made retentioner 
size to predict and evaluate temperature changes occurring in scaled up equipment.  A geometry 
for the 1 m in diameter retentioner was constructed using SpaceClaim in ANSYS in accordance 
with the actual dimensions of the unit that Bühler manufactures.  The technical drawing of the 
retentioner can be found in the Appendix.  The drawing includes the retentioner wall (5 mm 
thick) with an interior diameter of 1000 mm as well as a division of feed mash and air with the 
air on the top above the fill level.  This division is located at the 60% fill level of feed mash in 
the retentioner that is consistent with the conditions in both experimental trials, and the model 
validation simulations. The same element size for the mesh was used, but given the larger 
geometry size the number of nodes and elements (455,148 nodes and 80,301 elements) increased 
substantially (Figure 5-7). 
Nodes were selected at 30, 60 and 90 mm from the retentioner wall to replicate the 
temperature probing and monitoring locations consistent with the model validation simulations. 
The model was run in accordance with the same six sub-trial conditions from experimental trial 2 
that were also used for validation of the pilot scale model (Table 5-2).    
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Figure 5-7: Cross-sectional meshing for the computational model applied to the pilot plant retentioner (left) 
and the full scale commercial size retentioner (right). 
    
 
 
Table 5-7: Temperature values predicted by the transient thermal model for the commercial size retentioner 
at three locations along the radius and two locations along the length of the retentioner (C) 
 
Probe 4 Probe 7 
Trial 
# 
30 mm 60 mm 90 mm 30 mm 60 mm 90 mm 
1 76.5 76.5 76.5 76.5 76.5 76.5 
2 75.0 75.0 75.0 75.0 75.0 75.0 
3 76.6 76.6 76.6 76.6 76.6 76.6 
4 77.0 77.0 77.0 77.1 77.0 77.0 
5 75.8 75.8 75.8 75.8 75.8 75.8 






Table 5-8: Percentage differences in temperature values between those predicted for the pilot plant 
retentioner and those for the commercial size retentioner at the same locations. 
  Probe 4 Probe 7 
Trial # 30 mm 60 mm 90 mm 30 mm 60 mm 90 mm 
1 0% 0% 0% -8% 0% 0% 
2 -2% 0% 0% -5% 0% 0% 
3 0% 0% 0% -1% 0% 0% 
4 0% 0% 0% 0% 0% 0% 
5 0% 0% 0% 0% 0% 0% 
6 0% 0% 0% 0% 0% 0% 
 
Figure 5-8: Cross-sectional temperature profile of the commercial scale retentioner at the end of the 
computer simulation with the heating mats off (left) and heating mats on (right).  
Trial 1:      Trial 4: 
     
 
 
The model showed a similar trend overall with the heating mats warming up the product 
along the wall of the retentioner when they are on and the cooling of the product closest to the 
retentioner wall when they are off (Figure 5-8). The predictions for the commercial size 
retentioner indicated temperatures up to 8% warmer than for the pilot plant retentioner when the 
heating mats were off (Table 5-8). This difference occurred at the 30 mm location for probe 7 at 
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the end of the retentioner.  The predicted temperatures for the large retentioner were the same as 
for the pilot plant unit at every 60 mm and 90 mm location and for every trial with the heating 
mats on (sub-trials 3-6) (Table 5-8).  The 30 mm location was the only one where a different 
temperature was predicted between the pilot plant and largest retentioner when the heating mats 
were turned off (sub-trials 1-3) (Table 5-8). The difference between the two retentioner sizes 
could be due to the location of the element selected compared to where the temperature was 
originally measured.  There are 12,163 elements in the cross-sectional mesh created for pilot 
plant retentioner and 80,301 elements in that of the largest retentioner. The location for 
temperature measurement was selected as close to the 30, 60 and 90 mm location but might vary 
slightly between the two units. For every instance that there was a differential, the simulations 
for the pilot plant retentioner always predicted a lower temperature than the simulations for the 
largest retentioner.  This difference could be due to the smaller surface area to volume (S/V) 
ratio of the largest retentioner 4.2 compared to the much smaller pilot plant retentioner 13.6.  
This is useful information for scale up because the thermal analysis model predicts that the 
impact of having the heating mats on is greater when the retentioner is smaller in diameter.  Due 
to the smaller S/V ration, a larger diameter retentioner does not have as much heat loss along its 
wall surface as a smaller unit with the heating mats off. The effect of the heating mats when they 
are on is the same for both sizes. 
 
Conclusions 
Temperature data collected during experimental trials were used to construct and validate 
a transient thermal model. The validated model was applied to the largest commercial retentioner 
size and inferences about scale up were analyzed.  The following conclusions were drawn: 
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 The model did not indicate any change in temperature of the feed mash at the 
mash-air interface.  The only significant temperature change of the feed mash is 
predicted to occur near the retentioner wall.   
 Percentage differences in all trials between the experimentally recorded 
temperature and model temperature for the 60 and 90 mm radial locations along 
the length of the conditioner at probing locations 4 and 7 were less than 10% 
indicating good agreement between predicted and observed temperatures.  At the 
30 mm radial probing location, results were less consistent.   
 The transient thermal model did show similarities in trends with the data collected 
during the trials, however there were substantial differences between them. The 
30 mm position had the largest difference between predicted and measured 
temperature values with differences as high as 25.3% compared to the 60 and 90 
mm positions with differences as high as 10.7%  and 8.2%, respectively.  
Acceptable percentage differences are typically 10% or less.   
 The predicted results varied from the measured results of the validation trials due 
to some experimental errors and oversimplifications from assumptions. 
Nevertheless, the majority of the data (30 out of 36 data points) was within the 
acceptable percentage difference of 10% or less.   
 This validation study proved that the transient thermal model predicts temperature 
in the retentioner with an acceptable accuracy of 10% or less.  Therefore, this 
model was considered useful in analyzing additional scenarios of interest 
regarding retentioning. 
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 The heating mats not only insulate the walls of the retentioner and prevent heat 
loss from the product through the highly conductive steel wall but depending on 
the heating mat temperature settings can cause the feed mash temperature to 
increase along the mash-wall interface.   
 The largest retentioner model showed a similar trend to the pilot scale model as 
temperatures varied (by up to 8%) only within 30 mm from the retentioner wall. 
 The model was successfully applied and can be useful in predicting conditions 
during scale up to larger retentioner sizes. 
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CHAPTER 6.    ANALYSIS OF STEAM ENERGY UTILIZATION FOR EFFECTIVE 
AND EFFICIENT FEED MASH CONDITIONING, RETENTIONING AND PELLETING 
Abstract 
Steam conditioning is one of the most critical steps in the feed manufacturing process. 
Steam conditioning has a significant impact on retention and pelleting, and is one of the highest 
operational expenditures in a feed mill. The objectives of this research was to better understand 
steam utilization for conditioning feed by analyzing steam usage data and conducting a mass and 
energy balance of conditioning. This research also aimed to provide revised guidelines to 
industry on steam usage and create a steam calculator tool that can be used by the feed industry 
to better understand and manage steam.  
A total of 134 combined sets of moisture content, temperature, and steam data collected 
from the second set of pilot plant trials and from a previous master’s thesis were analyzed in 
terms of heat, mass and energy balances as a function of steam utilization.  Through this 
analysis, the industry standard of 50 kg of steam supposedly needed to condition 1000 kg of feed 
mash was revised to 60 to 70 kg of steam actually needed to condition 1000 kg of feed mash. 
Another industry standard that suggests a 12.5°C increase for every 1% moisture content has was 
revised to 14 to 16°C temperature increase for every 1% moisture increase. A steam energy 
spreadsheet calculator was developed to compute the steam energy utilized and the temperature-
moisture content energy balance to help users better manage their steam energy, moisture 
content, and temperature increase during conditioning. A commonly used industry chart on pellet 
mill capacity versus steam requirements was revised to reflect pellet mill capacities up to 100 t/h 
(and the equivalent in SI units). The chart was also expanded to reflect multiple steam utilization 
values. A number of “what-if” scenarios analyzed the impact that inlet product temperature, 
moisture content, specific heat, and steam pressure drop have on the amount of steam needed for 
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conditioning. A better understanding of steam energy utilization in a feed mill can help feed mill 
operators better manage their energy use and resulting feed quality.  
 
Description of Problem 
Steam conditioning is one of the most critical steps in the feed manufacturing process.  
Conditioning consist of adding saturated steam to feed mash to increase its moisture content and 
temperature (Bortone et al., 1987).  Steam conditioning has a significant impact on pelleting and 
is one of the highest capital expenditures at a feed mill (Gilpin, 2001). Steam has many qualities 
that make it an excellent non-combustible heat source for raising the temperature and moisture 
content of feed including its high usable heat content and ability to give up heat at a constant 
temperature, the fact it is produced from readily available and affordable water, is clean and 
odorless, is easily distributed and controlled, and it has constant pressure/temperature/volume 
relationships (F. Fairchild, 2016). 
Steam is an important input into feed but is often poorly understood and often 
mismanaged (Campabadal & Maier, 2014). Attention should be paid to optimizing the operation 
of steam within feed mills and during the conditioning process to reduce unnecessary steam 
production and manage energy costs. If steam generation and utilization is left uncontrolled, it 
can have serious implications on pellet quality and the bottom line. Problems that occur during 
the pelleting process in many commercial feed mills are often caused by an ineffective 
conditioning process (Campabadal & Maier, 2014). According to the Handbook of Air 
Conditioning, Heating, and Ventilating  the thermal cycle efficiency of the average steam system 
is 56.3%, which means that 43.7% of energy consumed in boilers for conditioning is wasted or 
lost (Stamper & Koral, 1979). This represents a large cost to feed manufacturers and has 
substantial potential to be better managed to save money. Every steam system will have some 
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unavoidable losses, but a high percentage of losses can be prevented or eliminated. Losses in 
steam systems can be due to lack of proper insulation, steam leaks, blowdown, boiler flue gas, 
steam traps, etc. (Swagelok, n.d.). Some feed mills are more efficient than others, but all feed 
mills have potential to become more energy efficient. 
The quality of pellets produced is primarily established in the conditioner rather than in 
the pellet die (Campabadal & Maier, 2014).  The quality of conditioning depends on many 
factors including the feed mash particle size and distribution, steam quality, initial temperature 
and moisture content of the feed mash, and residence time in the conditioner (Bortone et al., 
1987). Steam is utilized for conditioning because of its unique thermodynamic properties that 
allow it to transfer heat and moisture simultaneously to the feed mash which is essential for 
pelleting (Gilpin, 2001). Benefits of the heat addition during steam conditioning include thermal 
destruction of pathogens and improved evaporative cooling of pellets in the cooler. The benefits 
of the moisture addition during steam conditioning include increased lubricity and pelletability 
(Campabadal & Maier, 2014). 
Efficient pelleting operations require an adequate supply of high-quality steam from a 
properly designed, maintained and operated steam supply (Campabadal & Maier, 2014).  
Properly sized steam systems within feed mills take into consideration the steam quality, 
quantity, and pressure.  The amount of steam needed for a particular processing operation 
depends on the moisture content and temperature increase of the feed mash as well as the pellet 
mill capacity (Leaver, 1982). The amount of steam that can be added to feed mash depends on 
the feed mash ingredients and their initial moisture content (Winowiski, 1985). Typically no 
more than 6 percentage points (ppts) of moisture can be added during conditioning, therefore the 
final feed mash moisture is significantly impacted by the initial feed mash moisture content 
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(Gilpin, 2001). The maximum moisture of feed mash exiting the conditioner without causing the 
pellet mill to plug is about 17% (Bortone et al., 1987). Steam has the ability to provide the 
correct moisture and temperature increase combination, however, it exhibits a wide variety of 
properties that must be understood and correctly utilized to produce high quality pellets (Gilpin, 
2001) 
To effectively manage steam utilization for conditioning feed mash, it is important to 
understand the heat and mass transfer process that occur within the conditioner chamber 
(Bortone et al., 1987).  The conditioner consists of a three-phase system that includes solid (feed 
mash), liquid (water), and gas (steam). Feed mash enters the conditioner at a predetermined rate 
and steam is continuously injected into the conditioning chamber at atmospheric pressure.  Steam 
transfers energy and moisture to the room temperature feed mash via condensation.  
Condensation occurs as a result of the temperature and pressure drop when steam enters the 
conditioning chamber and causes the temperature and moisture content increase of the feed mash 
(Bortone et al., 1987). The amounts of heat and moisture added during conditioning are 
completely dependent on the thermodynamic steam properties, and to some extent on the 
properties of the feed mash to absorb the condensed moisture. To optimize the utilization of 
steam within the conditioning process as well as the resulting temperature and moisture increase, 
the basic thermodynamic properties and steam behavior within the processing system must be 
understood (Campabadal & Maier, 2014).  
Steam can exist in three states, i.e., saturated (or dry, superheated, or wet steam.  The 
American Society of Mechanical Engineers have published steam stables that list the 
thermodynamic properties of steam based on the relationship between pressure, temperature, 
specific volume, enthalpy, and entropy (ASME, 2014).  Saturated steam consists of 100% water 
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vapor and is held at the corresponding temperature and pressure of its vaporization point. 
Saturation temperature of steam at any operating pressure is recorded in steam tables. Saturated 
steam temperatures for a range of operating pressures typically found in steam systems of feed 
mills are summarized in Table 6-1 (Campabadal & Maier, 2014). In a closed system, the 
saturation temperature increases as pressure increases. Superheated steam consists completely of 
water vapor but has a temperature that is greater than its vaporization temperature at the same 
vaporization pressure.  Saturated steam can become superheated in a steam supply ahead of the 
conditioner when the steam is heated above the saturation point. Wet steam is a liquid-vapor 
mixture that carries actual water droplets along.  Saturated steam can become unsaturated wet 
steam when it contains non-vaporized water molecules that are distributed within the steam. This 
can occur due to turbulence and splashing within a boiler which introduces water droplets into 
the steam. Steam quality (Qs) is the term used to describe the relative wetness of steam. It is 
expressed as the portion of vapor in the liquid-vapor mixture.  It is calculated by dividing the 





× 100 (6-1) 
   
The quality of steam is critical to understand in order to control conditioning. A steam 
quality of 0 indicates 100% liquid (i.e., condensate) while a steam quality of 100 indicates 100% 
saturated steam vapor. For example, one pound of steam with 95% vapor and 5% of liquid 
entrainment has a steam quality of 0.95. The liquid water carried in the steam is removed from 
the steam line in one of two ways. Liquid water flowing along the bottom of the steam line is 
removed with traps, and water droplets carried in the steam are removed with strainers. In both 
cases, the condensate is returned to the boiler. 
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Quality of steam is difficult to measure in a feed mill.  Researchers who have used 
varying degrees of steam quality for experimentation found that a throttling calorimeter is one of 
the only direct methods available for measuring steam quality ((Gilpin, 2001). This device uses 
special sampling nozzles to supply the calorimeter with a known quantity of steam that is then 
throttled through an orifice to atmospheric pressure. The enthalpy of the high pressure steam 
used for conditioning should be equal to the enthalpy of the same steam at atmospheric pressure 
in the calorimeter. At atmospheric pressure, the difference between the two enthalpy values is the 
energy that is available in the steam supply to convert any condensate into steam and create 
super heat. The throttling calorimeter indicates this superheat temperature which can be used to 
calculate steam quality.  
The throttling calorimeter method requires a special device which is not commonly found 
in feed mills.  In practice, employees generally gauge the quality of the conditioning steam 
visually. Saturated steam is a dry invisible gas and only becomes visible with the entrained air or 
liquid. Therefore, installing a steam valve ahead of the conditioner and opening it regularly as 
part of a quality management protocol to release steam into the atmosphere provides an estimate 
of the steam quality in the system. For example, Figure 6-1 indicates a high steam quality 
because the discharge from the valve through the tube is almost invisible. Figure 6-2 shows a 
visible discharge from a steam valve with liquid carried with the steam vapor. In this case, steam 
quality is medium and may still be acceptable for feed mash conditioning.  
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Figure 6-1: Steam quality visualization, acceptable steam quality (Swagelok Energy Advisors, 2009) 
 
 
Figure 6-2: Steam quality visualization, unacceptable steam quality (Swagelok Energy Advisors, 2009) 
 
Much confusion exists among feed mill managers with respect to the thermodynamic 
behavior of steam (Campabadal & Maier, 2014).  Wet steam has a lower energy content than 
saturated (dry) steam and may not have enough energy to add the desired heat and moisture to 
the feed mash.  Therefore, it is very important to ensure a sufficiently high quality of steam being 
delivered to the conditioning and pelleting system (Bortone, 1987). If wet steam is used, a 
sufficient temperature rise may not be achieved, too much moisture may condense which can 
only partially be absorbed by the mash and could lead to plugging of the pellet mill, or may 
result in poor pellet quality (Campabadal & Maier, 2014). 
Saturated steam (100% quality, and thus dry) is the most efficient steam to use for feed 
mash conditioning.  This is because saturated steam contains the highest amount of water and 
will condense quickly when its temperature drops immediately upon contact with the room 
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temperature feed mash at atmospheric pressure. As pressure increases, the steam temperature 
increases which generates steam with an increased energy content that is more efficient for 
conditioning. 
Table 6-1: Saturated steam temperatures for a range of operating pressures typically found in steam systems 
in feed mills (Campabadal & Maier, 2014) 
Gauge Pressure, Pg Absolute Pressure, Pa Steam Temperature 
psig kPa psia kPa °F °C 
0 0 14.7 101.4 212.0 100.0 
20.3 140.0 35.0 241.3 259.3 126.3 
30.3 208.9 45.0 310.3 274.4 134.7 
40.3 277.9 55.0 379.2 287.1 141.7 
50.3 346.8 65.0 448.2 298.0 147.8 
60.3 415.8 75.0 571.1 307.6 153.1 
70.3 484.7 85.0 586.1 316.3 157.9 
80.3 553.7 95.0 655.0 324.1 162.3 
90.3 662.6 105.0 724.0 331.4 166.3 
100.3 691.6 115.0 797.9 337.9 169.9 
110.3 760.5 125.0 861.9 344.3 173.5 
120.3 829.5 135.0 930.8 350.2 176.8 
 
 
There has been much discussion in the feed industry concerning the use of high pressure 
versus low pressure steam for conditioning (Gilpin, 2001).  High pressure saturated steam 
(generally at a pressure around 552 kPa (80 psig)) has a higher temperature, lower specific 
volume, and slightly higher total heat content than low pressure steam (generally at a pressure 
around 138 kPA (20 psig)) (Table 6-2).  Steam is generally transferred from the boiler at a high 
pressure and then regulated down to a lower pressure for use because high pressure steam has a 
lower specific volume which results in smaller steam handling pipes and reduced cost (Gilpin, 
2001). Boiler pressure is approximately between 517 and 1103 kPa and must be reduced before it 
can be used for conditioning (Thomas et al., 1997). The lower pressure steam also travels at a 
lower velocity due to the small pressure differential between the steam and atmospheric pressure 
resulting in more uniform and consistent conditioning. When steam is regulated down to a lower 
pressure, the enthalpy of the steam remains the same.  Figure C-6 shows the pressure-enthalpy 
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relationship for steam. When the pressure of the steam is reduced, the quality of the steam 
increases (Figure C-6). Therefore, the larger the pressure drop, the higher the steam quality up 
until the point that the steam is saturated and any greater reduction in pressure results in 
superheat. Regardless of the initial steam pressure from the boiler, during conditioning the heat 
and moisture transfer occurs at atmospheric pressure.  This means that the steam temperature 
must be reduced to around 100°C in the conditioner before condensation of steam can occur 
resulting in moisture and heat transfer to the feed mash 
Enthalpy is measured in kJ/kg and refers to the energy or heat content that the steam has 
available.  Enthalpy values can be found in steam tables and are broken down into sensible, 
latent, and total heat. Sensible heat is the energy required to heat one kilogram of water from 0°C 
to the boiling point determined by the corresponding temperature and pressure. Latent heat is 
also known as the heat of vaporization and represents the energy required to convert one 
kilogram of boiling water into one kilogram of steam. Super heat is the heat required to raise the 
temperature of one kg of dry steam at the saturation temperature to any higher temperature. 
Therefore, the total heat contained in steam at any time is the total of the sensible heat, latent 
heat and super heat (Campabadal & Maier, 2014). Table 6-2 displays the total heat for high (at 
the boiler) and low (at the regulator) pressure saturated steam.  In this instance, there is less than 
a 2% difference in the total energy between these two steam pressures (Gilpin, 2001). 
Table 6-2: Thermodynamic properties of low (138 kPa) and high (552 kPa) pressure saturated steam (Gilpin, 
2001) 
 
Property Low Pressure Steam High Pressure Steam 
Pressure 128 kPa 552 kPa 
Temperature 126°C 162°C 
Specific Volume 0.75 m3/kg 0.29 m3/kg 
Sensible Heat 529.3 kJ/kg 684.3 kJ/kg 
Latent Heat 2185.4 kJ/kg 2075.96 kJ/kg 




During conditioning, it is important to measure the temperature of the feed mash entering 
and exiting the conditioner to determine the temperature increase due to steam addition.  As a 
rule of thumb, about 1 percentage point of moisture is added for every 12.5°C (25°F) of heat 
added to the feed mash (Behnke & Gilpin, 2019). However, other researchers have suggested 
that 1 ppt moisture is added for every 14C of mash heating (Anon, 1984). If too much steam 
condenses during conditioning, the excess moisture can cause the rolls of the pellet mill to slip 
on the die surface (Campabadal & Maier, 2014). If there is not enough steam condensation, dry 
and brittle pellets will be produced(Campabadal & Maier, 2014). If too much heat is added 
during conditioning, the feed ingredients can become damaged which reduces feed efficiency in 
animals. On the other hand, when not enough heat is added, the pellet mill capacity will decrease 
and die life will be shortened due to the increased frictional heating in the die (Campabadal & 
Maier, 2014). Therefore, it is essential to understand and monitor the steam conditioning process 
to ensure pellet quality, reduce costs, and improve production efficiency. 
Recently, there has been an increased focus on biosecurity in feed mills to reduce the 
spread of disease.  Animal feed is a known carrier for pathogens such as Salmonella ssp., 
Listeria, E.Coli, and others. Steam conditioning can also be used for pathogen destruction by 
raising the temperature of the feed mash higher than may be needed for optimum pelleting to 
ensure a “kill-step”.  Pathogen destruction is influenced by temperature, time, and moisture 
content of the feed mash.  If the steam conditioning process is not controlled and monitored 
properly, the desired amount of pathogen destruction may not occur, resulting in a biosecurity 
hazard. Understanding steam conditioning and utilizing it effectively is essential for success in 
manufacturing quality feeds safe for animal consumption. 
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The amount of steam required to raise mash temperature to the desired level can be 
calculated based on the heat energy content increase. Feed mash has a thermal property known as 
specific heat (cp) which is defined as the heat required to raise the temperature of the unit of mass 
of the substance by a given amount.  This varies based on the constituents of the feed ingredients 
but is generally around 2.0 kJ/kg-C (0.45 btu/lb-F) for starch-based feeds (Bortone et al., 
1987).  This implies that it takes 2.0 kJ to raise the temperature of one pound of feed mash by 
one degree Celsius.   
In order to analyze the energy balance in steam conditioning between the temperature and 
moisture content increase, the initial temperature and moisture content of the feed mash must be 
measured as well as the final temperature and moisture of the feed mash exiting the conditioner.  
The specific heat of the feed mash must be known as well as the product and steam flow rates.  
Additionally, the enthalpy of the steam must be known which can be determined from steam 
tables based on the temperature and pressure of the steam entering the conditioner. 
Understanding steam utilization for conditioning of animal feed can help feed mills 
control costs, ensure thermal death of microorganisms, and manufacture a high quality pellet 
with the desired physical characteristics.  In this chapter, steam utilization from the second set of 
pilot facility trials outlined in the previous chapter were analyzed for moisture and energy 
balance of the feed mash.  Additionally, data provided by Gilpin (2001) was analyzed for steam 
utilization based on the moisture and energy increase of the feed during conditioning.  An Excel 
spreadsheet calculator tool was developed to allow a user to calculate steam utilization based on 
the moisture content and temperature increase of feed mash during conditioning. 
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Materials and Methods 
Parameters needed to conduct a complete mass and energy balance of steam conditioning 
are as follows: 
Tin: Inlet product temperature (°C) 
Tout: Outlet product temperature (°C) 
MCin: Inlet product moisture (%) 
MCout: Outlet product moisture (%) 
cp: Specific heat of feed mash (kJ/kg-°C) 
hg: Specific enthalpy of steam (kJ/kg)  
mṗ : Product mass flow rate (metric t/h) 
mṡ : Steam mass flow rate (kg/hour) 
During the second set of trials documented in the previous chapter, the inlet product 
temperature was assumed to be the ambient temperature (Table 6-3).  The outlet product 
temperature was measured by collecting a grab sample of the feed mash immediately after 
conditioning and placing it in an insulated container. A temperature probe was used to measure 
the outlet product temperature in the container (Table 6-4). The initial feed mash moisture 
content was measured in the lab prior to conditioning and varied slightly between each trial due 
to the recycling of product. The moisture content of the product exiting the conditioner was 
measured by storing the feed mash in air tight plastic containers and sending to the Bühler 
laboratory for moisture content analysis.  The moisture content analysis conducted in the Bühler 
laboratory involves grinding of the sample and drying it using an air oven method that provides 
an overall moisture content analysis instead of a surface area moisture analysis.  
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Table 6-3: Constant values from trial set 2 used for the conditioning mass and energy balance 
Parameter Value Units 
Total Enthalpy ( 𝒉𝒈) 2720.27 kJ/kg 
cp mash 2.00 kJ/kg-C 
Tin 22.9 °C 
 
 
Table 6-4: Data collected during trial set 2 used for the conditioning mass and energy balance 










1 0.9 69 76.5 12.9 16.5 
2 1.8 76 75.0 12.9 16.9 
3 2.4 118 76.6 12.9 16.9 
4 0.9 69 77.0 13.7 17.6 
5 1.8 73 75.8 13.7 17.6 
6 2.4 131 79.7 14.2 17.7 
 
The specific heat of the feed mash was determined from literature values as 2.0 kJ/kg-C 
and assumed to be constant across all six sub-trials of trial set 2 (Table 6-3) (Bortone et al., 
1987). The product mass flow rate was set during each sub trial and the steam mass flow rate 
was measured by correlating the opening bit valve number to the corresponding steam flow rate. 
The steam temperature and pressure was recorded for both the high and low side of the pressure 
reducer.  The low side temperature and pressure were used to determine the enthalpy of the 
steam entering the conditioner.  The temperature of the steam was 130°C and the pressure was 
averaged to be 1.7 bar. At a pressure of 1.7 bar, steam has a saturation temperature of 130.132°C.  
Therefore, the steam used in trial set 2 is considered to be saturated steam at 100% quality.  
Steam at this temperature and pressure has an enthalpy value of 2720.27 kJ/kg.   
Gilpin (2001) investigated the influence of initial moisture, retention time, and steam 
quality in two conditioners on the pelleting process.  In Gilpin’s work, four sets of trials were 
conducted at four different steam quality levels (70, 80, 90, and 100%) and two different initial 
feed mash moisture contents (12 and 14%) for two retention times (short and long) for three 
97 
replicates for each conditioner (CPM and Bliss). This resulted in 128 sub-trials with data 
including the necessary physical parameters to conduct a complete mass and energy balance of 
the steam conditioning process.   
In this study, the steam flow rate and final feed mash moisture content was measured for 
each of the 128 sub-trials.  The inlet product temperature was assumed to be constant at ambient 
temperature which was not reported but assumed to be 22.9°C to be consistent with the ambient 
conditions of the second set of pilot plant trials. The feed mash used was a swine finishing ration 
made with 73.8% ground corn, 20.7% soybean meal, and less than 5% from other sources such 
as soybean oil, limestone, and premixes. The specific heat was determined to be 2.0 kJ/kg-C 
(Bortone et al., 1987).  In this study, the feeder speed was held constant at 20 RPM which 
equates to approximately two t/h (1.8 metric t/h) of throughput.   
The product moisture content was measured using a Grain Prep Auto Delivery System 
(batch version, AgriChem, Inc., Ham Lake, MN) that has the capability to electronically measure 
moisture content of the feed in the mixer and adjust it by adding water automatically when 
desired. The two feed mash moisture contents used in this study were 12% and 14%.  Therefore, 
the initial feed mash moisture used to calculate the moisture and energy balance was assumed to 
be 12% and 14% corresponding with the individual sub-trial. 
The steam supply during Gilpin’s (2001) trials was at a pressure of 1.7 bar and 131.7°C.  
This is the same pressure value and a slightly higher temperature value as the steam conditions 
used during the second set of pilot plant trials (1.7 bar, 130°C).  Saturated steam at a pressure of 
1.7 bar has a saturation temperature of 130.132°C. This steam was also considered to be 
saturated to simplify the calculations. Steam at this temperature and pressure has an enthalpy 
value of 2720.27 kJ/kg.  Four different steam qualities were used and accounted for in this 
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analysis.  The different steam qualities were achieved by creating lower steam qualities from the 
100% quality steam produced in the lab.  To do this, a heat exchanger was used to remove 
energy from the steam. The water flow rate and temperature differential of water going through 
the heat exchanger was used to calculate steam quality.  Adjustments were then made in water 
flow to achieve the targeted steam quality using the throttling calorimeter method.  Steam was 
added to the feed mash until the exiting mash temperature reached 82.2°C.  Therefore, 82.2°C 
was assumed to be the exiting feed mash temperature for all sub-trials. 
Table 6-5: Constant values from Gilpin (2001) 
Parameter Value Units 
Total Enthalpy ( 𝒉𝒈) 2720.27 kJ/kg 
Latent heat ( 𝒉𝒇𝒈) 2173.32 kJ/kg 
Sensible heat ( 𝒉𝒇) 546.95 kJ/kg 
cp mash 2.00 kJ/kg-
°C 
Tin 22.9 °C 
Tout 82.2 °C 
Product mass flow (𝒎𝒑̇ ) 1.8 t/h 
 
The complete set of data including the steam quality, steam flow rate, and outlet feed 
mash moisture content for all 128 sub-trials can be found in the Appendix B. 
Gilpin (2001) conducted a statistical significance (p-values) analysis for the main and 
combined interactions of mash moisture, retention time, and steam quality on the response 
values. The analysis found that steam quality and the combined effect of retention time and 
steam quality affected the steam flow rate the most significantly.   
 
Calculations 
Energy for feed mash temperature increase: 
 𝐸𝑡 = ?̇?𝑝 × 𝑐𝑝 × (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (6-2) 
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Energy in steam: 
The energy in the steam is dependent upon the steam quality.  In the second set of pilot 
plant trials, steam was assumed to be saturated with a quality of 100%.  In the Gilpin analysis, 
steam quality ranged from 70-100% and the corresponding energy value of the steam was 
calculated according to the following equation: 
 ℎ𝑔 = ℎ𝑓 + (ℎ𝑓𝑔 ∗ 𝑞𝑢𝑎𝑙𝑖𝑡𝑦) (6-3) 
   
The total energy in the steam (kW) can be calculated by multiplying the steam flow rate 
by its energy content. 
 𝐸𝑠 = ?̇?𝑠 × ℎ𝑔 (6-4) 
   
Mass flow of product into the conditioner: 
The mass flow of product was measured coming out of the conditioner and into the pellet 
press. This value reflects the mass of product entering the conditioner as well as the mass of the 
water that condensed into the feed.  In order to calculate the amount of steam that condensed, the 
initial mass flow rate of feed mash into the conditioner can be calculated as follows: 




   
Mass flow of condensed steam: 
The mass of steam condensed can be calculated by subtracting the initial mass of product 
entering the conditioner from the mass of the wet product exiting the conditioner. 
 ?̇?𝑠 = ?̇?𝑝 − ?̇?𝑝,𝑖𝑛 
(6-6) 
 
Energy of condensed steam: 
The energy value of the steam that condensed into the feed mash can be calculated by 
multiplying the amount of steam that condensed by its energy value. 
 𝐸𝑐 = ?̇?𝑠 × ℎ𝑔 (6-7) 
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Percent steam energy utilized: 
The fraction of total steam energy that was utilized to heat and moisten the feed mash can 
be calculated by comparing the amount of steam energy needed for the temperature and moisture 
increase to the total energy of the steam injected into the conditioner. 




⁄  (6-8) 
 
Temperature-moisture energy balance: 
The balance of steam utilized for the temperature increase and moisture content increase 
which were calculated separately can be compared for verification.  Ideally, the amount of steam 
needed for the resulting temperature increase should be the same as the amount of steam needed 
for the resulting moisture content increase.  This is because the steam that condensed caused the 
temperature and moisture content increase simultaneously and the energy and moisture in that 
steam should be accounted for. 





Results and Discussion 
Table 6-6: Steam energy utilized and temperature-moisture energy balance for Gilpin and second set of pilot 
plant trials  
  Percent Steam Energy 
Utilized (%) 
Temperature-Moisture 
Energy Balance (%) 
 





CPM, 12% 64% 75% 69% 103% 87% 95% 
CPM, 14% 63% 65% 64% 107% 87% 97% 
Bliss, 12% 70% 73% 71% 104% 99% 101% 
Bliss, 14% 71% 68% 70% 99% 100% 100%  
Pilot plant 
trials 




Gilpin’s highest steam energy utilization was 75% and the lowest utilization was 63% 
(Table 6-6). The second set of pilot plant trials had the highest average steam energy utilization 
of 79% (Table 6-6) with the highest value of 104% and the lowest of 53% (Appendix).  A steam 
energy utilization of over 100% is impossible and is likely due to small errors in the temperature 
or moisture content measurements or inconsistencies in the steam or product flow rate.  Slight 
differences in the amount of energy calculated in the steam or the amount of temperature or 
moisture content increase could cause this discrepancy.  A 0.1% change in moisture content can 
result in a 3% difference in percent energy utilization. A one degree difference in temperature 
can result in up to a 2% difference in percent energy utilization.  Therefore, small errors in 
measurement can easily result in a difference in steam energy utilizations difference between 
moisture and temperature increase and a steam energy utilization over 100%.  
The amount of steam energy utilized for the temperature increase agreed with the amount 
of steam needed for the moisture content increase by an average of 95-101% for Gilpin and 90% 
for the second set of pilot plant trials (Table 6-6).  This value is in reference to the amount of 
energy needed for the moisture content increase so any value over 100% represents a larger 
amount of energy needed to account for the temperature increase as opposed to the moisture 
content increase.  In all cases, the average agreement between moisture content and temperature 
increase was over 90% which indicates a strong agreement.  This points to accuracy in 
measurement of the moisture content, temperature, and flow rate of the steam and feed mash.  It 
also signifies that the calculated steam energy utilization value is accurate.  
Stamper and Koral (1979) estimate that steam consumption is about 50 lbs (22.7 kg) of 
steam per 1000 lb (453.6 kg) of animal feed at the conditioner2.  When comparing this to the 
                                                 
2 This is equivalent to 50 kg of steam per 1000 kg of feed 
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Gilpin data, the CPM conditioner averaged 70 kg of steam for 1000 kg of feed whereas the Bliss 
conditioner averaged 60 kg of steam per 1000 kg of feed (Table 6-7).  This value was as low as 
40 kg of steam per 1000 kg of feed (Bliss, 12%) and as high as 80 kg of steam per 1000 kg of 
feed (all four sets) (Table C-1).  This indicates that steam conditioning systems vary 
operationally depending on equipment used and how it may be set up and maintained.  The 
Buhler conditioner used in the second set of pilot plant trials also averaged 60 kg of steam per 
1000 kg of feed (Table 6-7) with values as low as 40 kg steam per 1000 kg feed and as high as 
80 kg of steam per 1000 kg feed.   
 
 
Table 6-7: Average steam rate compared to feed rate 
 CPM, 12% CPM, 14% Bliss, 12% Bliss, 14% Buhler 
kg of steam / 
1000 kg feed 
70 70 60 60 60 
 
Behnke and Gilpin (2019) suggest that optimum conditioned mash moisture is in the 
range of 16.0 to 17.5%, with 4 to 5 ppts coming from conditioning.  In Gilpin’s trials, when the 
feed mash moisture was initially at 12%, the lowest moisture after conditioning was 14.2% 
(Bliss, rep 1, long, steam quality of 1) and the highest was 17.9% (Bliss, rep 3, long, steam 
quality of 0.8). Therefore, the lowest amount of moisture added was 2.2 ppts and the highest 
amount added was 5.9 ppts.  When the feed mash moisture was initially at 14%, the lowest 
moisture after conditioning was 15% (CPM, rep 3, short, steam quality of 0.9) and the highest 
was 19.4% (Bliss, rep 2, short, steam quality 0.7).   Therefore, the lowest amount of moisture 
added was 1 ppt and the highest was 5.4 ppts.  In the second set of pilot plant trials, the lowest 
amount of moisture added was 3.6 ppts and the highest was 4 ppts with final moisture content in 
the range of 16.5-17.7% which falls into the suggested optimum conditioning range of 16-17.5% 
moisture content. 
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Behnke and Gilpin (2019) also suggest that 1 ppt of moisture is added for every 12.5C 
increase in temperature. However, other researchers have suggested that 1 ppt of moisture is 
added for every 14C in mash temperature increase (Anon, 1984).  Gilpin’s data averaged a 0.83 
ppts of moisture increase for every 12.5C temperature increase compared to the second set of 
pilot plant trials data that averaged a 0.87 ppts increase for every 12.5C temperature increase.  
This correlates to an average of 16C temperature increase per percentage point of moisture 
content increase for the Gilpin data and a 14.2C increase for the second set of pilot plant trials 
data. It appears that Behnke and Gilpin (2019) and other researchers subsequently did not 
correctly interpret Gilpin’s original thesis data which is less conservative than what has been 
shared with industry. Instead, the older industry reference from 1984 which states that it requires 
a 14C increase per percentage point of moisture increase is right on target with the second set of 
pilot plant trials data (14.2C / ppt).  These guidelines are used by feed mill operators to estimate 
the maximum amount of moisture that will be added to feed when it is conditioned to a certain 
temperature. A tool such as the one developed as part of this thesis will provide more accurate 




Figure 6-3: Pellet Mill Capacity vs Steam Requirements (Fairfield et al., 2005) 
 
Figure 6-3 is commonly used as a reference in industry to relate pellet mill capacity 
versus steam energy requirements as dependent upon the percentage of moisture added at the 
conditioner.  The original source that these calculations are based on is unknown. Thus, this 
relationship was compared to the Gilpin and second set of pilot plant trials data.  All of the 
Gilpin trials were conducted at a pellet mill capacity of 1.8 metric t/h (2 t/h).  
One (1) Boiler HP corresponds to 34.5 lbs/hour of steam from the boiler (Engineering 
ToolBox, 2008). Assuming that the energy in the steam is 2720 kJ/kg (as in the Gilpin and 
second set of pilot plant trials), this relationship can be converted to kW of steam per boiler kW 
as follows: 
 





































Therefore, 1 kW of boiler power produces 16.4 kW of energy from steam that is used 
during conditioning.  The x-axis of Figure 6-3 has been modified in Figure 6-4 to represent the 
metric units in terms of steam energy as opposed to boiler energy used in the original figure.   
 
Figure 6-4: Pellet Mill Capacity vs Steam Requirements with metric boiler and steam energy x-axis (adapted 
from McEllhiney, 1994) 
 
In this analysis, Figure 6-3 was recreated using the energy balance equations that were 
applied to the second set of pilot plant trials and Gilpin data and expanded in Figure 6-5 to reflect 
pellet mill capacities up to 100 t/h which are more commonly found in the feed industry today.  
The steam energy was calculated using the following equation: 
 
 𝑆𝑡𝑒𝑎𝑚 𝑘𝑊 =  𝑚𝑝̇ × % 𝑀𝐶 𝑖𝑐𝑛𝑟𝑒𝑎𝑠𝑒 × 𝑠𝑡𝑒𝑎𝑚 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦
÷ % 𝑠𝑡𝑒𝑎𝑚 𝑢𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 
(6-12) 
 
The relationship of 16.4 kW of steam per 1 boiler kW was used to convert steam kW to 
boiler kW and kW were converted to HP using a multiplier of 1.34 HP per kW.  Steam enthalpy 
was assumed to be 2720 kJ/kg which was the steam enthalpy for both of the second set of pilot 
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plant trials and Gilpin trials and is a common enthalpy value for steam used for conditioning. 
With an initial assumption of 100% steam energy utilization, Figure 6-3 could not be recreated 
because the boiler HP was lower than the amount predicted by the original figure. When the 
energy calculation was divided by 0.8 (indicating 80% steam energy utilization), Figure 6-3 
could be recreated and expanded to 100 t/h capacity (Figure 6-5).  
 
 
Figure 6-5: Recreation of Figure 6-3 using heat and mass balance relationship assuming 80% steam energy 
utilization 
 
A set of spreadsheets were created that calculate the relationship between pellet mill 
capacity up to 100 tons per hour for three steam requirements (steam flow rate, boiler energy, 
and steam energy) for both the imperial and metric system. These spreadsheets have variable 
inputs for steam enthalpy and utilization which allows the user to adjust the chart to the 
specifications of their own operations.   
The analysis of the experimental Gilpin and second set of pilot plant trials data using the 
spreadsheets found that the average steam energy utilization was closer to 70%.  Figure 6-5 was 
scaled to 70% total utilization and revised to reflect steam requirements in terms of boiler HP, 
steam energy, and steam flow rate (Figure 6-6, Figure 6-7, and Figure 6-8). These figures were 
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also converted to the metric system and can be found in the Appendix B (Figure C-2, Figure C-3, 
and Figure C-4).   
 









Figure 6-8: Pellet mill capacity vs steam flow rate scaled to 70% utilization   
 
 
The Gilpin empirical data was compared to the theoretical values calculated with the 
above relationship at 70% steam utilization (Figure 6-9).  The 70% utilization line is the 
theoretical energy vs moisture addition relationship for a 2 t/h feed mill. The energy of the steam 
condensed for the scattered data was calculated from multiplying the enthalpy of the steam by 
the steam flow rates reported by Gilpin (2001) (Table C-3, Table C-4, and Table C-5) for each of 
the 128 trials. The moisture added for each case was determined by subtracting the initial raw 




Figure 6-9: Relationship between conditioning energy as determined by steam flow rate and measured 
moisture content increase for the Gilpin sub-trials at 1.8 metric t/h (2 US t/h) compared to the theoretical 
relationship 
 
Comparing the actual steam energy from the steam flow rate values to the measured 
moisture content increase results in a much lower r-squared value (0.0778) than comparing the 
theoretical steam energy needed for the measured moisture content increase (Figure 6-9). The 
steam energy utilization was previously determined to be 70% and therefore 70% of the total 
energy calculated from Figure C-2 was used to generate the relationship in Figure 6-9 (“70% 
Utilization” line). The low agreement between the empirical and calculated data points is likely 
due to errors in measuring moisture content and steam flow rate.   
 
% 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑎𝑑𝑑𝑒𝑑 = 0.0182 × 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 + 2.3368 
 
(6-13) 
The relationship for the measured values in Figure 6-9 have a positive slope but smaller 
compared to the theoretical relationship (0.0182 vs 0.051). Due to the inherent measurement 
errors, the relationships are not the same given there is also not a strong agreement amongst the 
measured data.   
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The data collected from the second set of pilot plant trials were also compared to the 
calculated theoretical moisture content increase. The average steam utilization rate calculated for 
the data of all six sub-trials of the second set of pilot plant trials was 79%. The average 
agreement of the measured moisture content increase to the theoretical moisture content increase 
was 77% (Table 6-8) with the highest agreement of 98% and the lowest of 59%.  The lowest 
average agreement across product mass flow rate was for the lowest mass flow rate of 0.9 t/h 
(61.5%) and the highest agreement (89%) occurred with the highest mass flow rate of 2.4 t/h 
(Table 6-8).  Overall, the agreement between the theoretical moisture content increase and the 
measured increase for the highest mass flow rate was high.  Discrepancies between the 
theoretical and measured values can be attributed to moisture content and steam flow rate 
measurement errors. 
 

















0.9 52.1 3.6 6.1 59% 
0.9 52.1 3.9 6.1 64% 
1.8 57.4 4 3.4 81% 
1.8 55.2 3.9 3.2 80% 
2.4 89.2 4 3.9 98% 
2.4 99.0 3.48 4.4 80% 
 
 
Given there is little agreement with the measured data, the theoretical data is still the best 
to use for describing the relationship between boiler energy, pellet mill capacity, and moisture 
content increase.  However, more research should be undertaken to further investigate and 
validate the theoretical relationship across multiple different pelleting lines and more importantly 
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at much higher product throughputs and steam flow rates than the small pilot scale capacities of 
the Gilpin and second set of pilot plant trials data. 
Generally in feed mills, final feed mash temperature exiting the conditioner is measured 
as a monitoring parameter of the conditioning process.  This is because the temperature is fairly 
easy and cost effective to measure, does not disrupt the conditioning process, and is generally 
automated in newer systems.  To measure feed mash moisture content, a sample needs to be 
collected at the exit of the conditioner, stored in a sealed container and immediately transferred 
to a lab for analysis.  Feed mash moisture content is directly correlated to the feed mash 
temperature increase and is an important parameter that impacts pellet quality and durability.  
Feed mill employees should monitor the temperature of the feed mash because it gives an 
indication of the moisture content of the feed mash exiting the conditioner.  Situations with low 
or high initial feed mash temperatures arise depending on the season of the year and the initial 
ingredient moisture content.   
 
Calculator 
To help feed mill operations personnel better manage steam utilization during 
conditioning, an Excel tool was developed using Visual Basic for Applications (VBA) to 
calculate the percent steam energy utilized and the temperature-moisture content energy balance 
as per the equations outlined above. The Excel file contains five spreadsheets.  The first sheet has 
two buttons that the user can click to calculate the energy utilized as a function of moisture 
content increase or temperature increase of the feed mash across the conditioner, and a button for 
calculating both energy balances at the same time in metric units. This method was developed to 
allow the user to calculate the energy used for either moisture content or temperature increase 
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without having measured the other.  The second spreadsheet is the same as the first but utilizes 
imperial units.  
The third spreadsheet contains the same equations as the first two but is not programmed 
in VBA.  Therefore, there are no input box prompts which walk the user through entering their 
measured physical values.  Instead, the user can enter values and explore actually observed or 
what-if scenarios.  This sheet could be utilized as a guide for programming these equations into 
any pellet mill monitoring and control software, and displaying the results for operating 
conditions in real time.   
The VPA program prompts the user for measured values of inlet and outlet product 
temperature, inlet and outlet product moisture content, product mass flow rate, and steam mass 
flow rate.  It also asks for the specific heat of the feed mash and the enthalpy of the steam which 
must be known by the user to make the calculations.  Each spreadsheet contains links to thermal 
properties of grain and feed ingredients to help the user determine the specific heat of their feed 
mash, and a link to a steam calculator to determine the enthalpy of the steam as a function of the 
steam pressure and temperature.   
The fourth and fifth spreadsheets contain built-in equations and charts for pellet mill 
capacity vs steam requirements for both the metric and imperial systems as a function of steam 
enthalpy and steam energy utilization.  The user can use any of the first three spreadsheets to 
determine the energy utilization of their conditioning system and generate their own relationship 
for pellet mill capacity vs steam requirements. Actual performance could then be easily 
compared against theoretical performance and an optimum developed against which pellet mill 
performance is measured against for process quality control.  
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This calculator is intended to help feed mill operations personnel better understand steam 
energy utilization of their conditioning systems.  This tool can be used to identify cost savings, 
improve utilization of steam energy, detect issues with conditioning, and manage the moisture 
and temperature increase of the feed mash to obtain better pellet quality. Once steam utilization 
is determined for a specific conditioning system, the relationship for pellet mill capacity vs steam 
requirements can be generated in terms of steam flow rate, boiler energy, and steam energy.  
This relationship is useful for determining the moisture content increase for a pellet mill at a 
certain steam flow rate or energy content which impacts pellet quality and cooling/drying 
requirements. It can also be useful for determining the amount of steam energy or flow rate of 
steam necessary to achieve a specified moisture content increase. Together with monitoring the 
quality of steam as described above, this tool will allow the user to better manage steam 
utilization and pellet quality. 
 
Application 
The calculations verified by the steam energy utilization and temperature-moisture 
content increase agreement were applied to several what-if scenarios.  These scenarios include 
the impact that variable initial temperature, initial moisture content, ingredients (specific heat), 
and steam pressure drop (enthalpy) have on the necessary steam flow rate assuming an average 
steam energy utilization of 70% as determined from the Gilpin and second set of pilot plant trials 
data (Table 6-6).  The analysis was carried out in a full factorial design with four variables 
(temperature, moisture content, specific heat, and enthalpy) and two levels for each variable 
(high and low). The equations from the steam calculator were modified to calculate the steam 




o Low (0 C), temperature of feed mash in winter 
o High (25 C), temperature of feed mash in summer 
 Moisture content 
o Low (12%) 
o High (14%) 
 Specific heat 
o Low (1.6 kJ/kg-C) 
o High (2.7 kJ/kg-C) 
 Pressure drop 
o Low (2714 kJ/kg) 
o High (2760 kJ/kg) 
The low and high temperature values were determined from common feed ingredient 
temperatures in the summer and winter time in the Midwestern United States where a large 
amount of the country’s animal feed is produced.  Only the inlet product temperature was 
considered in this analysis because the final feed mash temperature of the product exiting the 
conditioner is determined by product specifications as set by the feed mill and typically does not 
change. The final conditioning temperature can be based on resulting pellet quality or thermal 
death of microorganism. . The steam flow rate is varied so that the conditioning process results in 
the desired feed mash temperature therefore, outlet product temperature was not considered as a 
variable.  
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The low and high moisture content values were selected to be 12% and 14%.  Generally, 
no more than 6% moisture can be added during conditioning (Gilpin, 2001) and the maximum 
moisture of feed mash exiting the conditioner without causing the pellet mill to plug has been 
determined to be about 17% (Bortone, 1987). In the Gilpin trials, 12% and 14% moisture feed 
mash was used in the experiments and make for a good comparison for this analysis.    
Corn is the most commonly used feed ingredient. Therefore, the low and high values for 
specific heat were selected as the highest and lowest specific heat of corn meal as determined by 
Kong et al. (2017).  The same researchers determined that the specific heat for soybean meal 
(another commonly used feed ingredient) ranged from 1.8 to 2.5 kJ/kg-C which is within the 
range tested for specific heat in this analysis.  Figure 6-10 is a commonly used reference in 
industry used to understand the conditioning requirements of pelleted feeds. High fiber 
ingredients such as oats (11% fiber) do not absorb much moisture during conditioning and the 
temperature only minimally increases. Ingredients that are high in protein such as soybean meal 
(48% protein) have a higher temperature and moisture content increase than ingredients that are 
high in fiber but less than ingredients that are high in starch such as corn (18% starch). High 
starch ingredients gain the most moisture during conditioning and also have the highest 
temperature increase.  The physical properties of ingredients used can impact the water 
absorption and temperature increase during conditioning.  In this analysis, a final product 
temperature of 82.2°C was targeted (180°F). This temperature is at the low end of the high starch 
ingredients temperature range. It should be noted that this target temperature and resulting 




Figure 6-10: Conditioning requirements of pelleted feeds (adapted from MacBain 1966) 
 
 
The most commonly used values for pressure range from 138 to 552 kPa (1.38 to 5.52 
bar) and are generally referred to as high and low pressure steam (Cutlip et al., 2008). The 
pressure from the boiler is high pressure and steam goes through a pressure transducer to be 
regulated down to a pressure low enough to be used for conditioning.  Therefore, the pressure 
drop from the boiler to the conditioner is typically regulated and determines the thermodynamic 
properties of the steam entering the conditioner.  In this analysis, the steam is considered to 
remain saturated from boiler to regulator to conditioner because saturated steam carries the most 
energy and has been found to make the best quality pellets.  This assumes that water droplets 
forming in the steam and condensate accumulating in the steam supply lines from the boiler as a 
result of energy loss are removed ahead of the conditioner, and that steam supply lines are 
perfectly insulated to minimize energy loss. If “wet” steam enters the conditioner, it may not 
have enough energy to properly heat and add moisture to the feed mash (Campabadal & Maier, 
2014). When superheated steam enters the conditioner, the steam must cool down to saturation 
temperature before it can condense during which only heating of the ash may occur if residence 
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time in the conditioner is too short (Campabadal & Maier, 2014). Therefore, the difference in 
enthalpy values used for low pressure and high pressure are 2714 and 2760 kJ/kg, respectively.  
Note that a high pressure drop results in lower pressure presumably saturated steam and a low 
pressure drop results in higher pressure steam presumably saturated entering the conditioner. 
There has been disagreement as to whether lower or higher pressure steam produces 
better pellets.  MacBain (1966) determined that conditioning with 138 kPa (20 psig) steam 
created higher quality pellets than those processed with 552 kPa (80 psig) steam. Alternatively, 
Leaver (1988) found that using 552 kPa (80 psig) steam pressure during conditioning created 
higher quality pellets. Other researchers also claim that there are no differences in pellet quality 
with either of these pressures (Stevens, 1987). Additionally, researchers have recommended 
conditioning at a pressure between the low and high values previously studied and concluded 
that most systems cannot sufficiently remove condensate formed by low pressure conditioning, 
resulting in a wet choke at the die whereas high pressure conditioning was described as energy 
inefficient (Briggs et al., 1999). Steam at a higher pressure will travel into the conditioner at a 
faster speed than steam at a low pressure.  At low steam pressures more water, relative to heat, is 
added to the feed mash which increases starch gelatinization as this is a water dependent process 
(Thomas et al., 1997). High steam pressure is typically used when relatively low amounts of 
water and higher temperatures are needed. Researchers have concluded that the amount of steam 
has a greater impact on the pelleting process than steam pressure (Thomas et al., 1997) 
Values considered constant for this analysis include outlet product temperature, product 
flow rate, steam quality, and steam energy utilization. Also, residence time in the conditioner is 




 Product flow rate: 1.8 metric t/h 
 Outlet product temperature: 82.2C 
 Steam quality: 1 
 Steam energy utilization: 70% 
The product flow rate was selected to be 1.8 metric t/h (2 US t/h) because the mid-value 
mass flowrate used in a sub-set of the second set of pilot plant trials was 1.8 metric t/h and the 
Gilpin trials were run at 1.8 t/h (2 US t/h).  The outlet product temperature was set at 82.2C 
(180F) because this was the temperature aimed for in the Gilpin trials and is also commonly 
recommended as a target temperature in industry (Cutlip et al., 2008). Steam quality was selected 
to be 1 because it was assumed that all condensate and water droplets in the steam were removed 
before the conditioner.  The steam energy utilization was set at 70% because this was the average 
energy utilization determined from the analysis of the second set of pilot plant trials and Gilpin 
data.   
The first “what-if” scenario analyzed was considering the steam requirements and 
resulting moisture content increase to achieve the target temperature of 82.2°C (Table 6-9). 
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Table 6-9: Full factorial analysis of variables and steam calculator results  



































































































































kW kg/h % 
1 25 2.7 2760 14 110.3 143.9 19% 
2 25 2.7 2760 12 110.3 143.9 17% 
3 25 2.7 2714 14 110.3 146.3 19% 
4 25 2.7 2714 12 110.3 146.3 17% 
5 25 1.6 2760 14 65.4 85.3 17% 
6 25 1.6 2760 12 65.4 85.3 15% 
7 25 1.6 2714 14 65.4 86.7 17% 
8 25 1.6 2714 12 65.4 86.7 15% 
9 0 2.7 2760 14 158.5 206.8 20% 
10 0 2.7 2760 12 158.5 206.8 19% 
11 0 2.7 2714 14 158.5 210.3 21% 
12 0 2.7 2714 12 158.5 210.3 19% 
13 0 1.6 2760 14 93.9 122.5 18% 
14 0 1.6 2760 12 93.9 122.5 16% 
15 0 1.6 2714 14 93.9 124.6 18% 
16 0 1.6 2714 12 93.9 124.6 16% 
 
 
Calculated Steam Energy 
 
𝐸𝑠 =  





The steam energy needed to reach the desired exiting product temperature of 82.2 C was 
calculated by multiplying the product flow rate by the specific heat of the feed mash and the 
product temperature increase and dividing this value by the steam energy utilization of the 
system (70%). The resulting steam energy needed to be supplied to the conditioner assuming 
70% of the steam energy was utilized ranged from 65.4 kW to 158.5 kW (Table 6-9). The lowest 
amount of energy was needed when the inlet product temperature was high and the specific heat 
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of the feed mash was low.  Alternatively, the highest amount of energy was needed when the 
inlet product temperature was low and the specific heat of the feed mash was high.   
 









The mass flow rate of steam needed for each scenario was calculated by dividing the 
amount of steam needed by the enthalpy of the steam.  The lowest amount of steam needed for 
these scenarios was 85.3 kg/h (Table 6-9) and occurred when the inlet product temperature was 
high, the specific heat was low, and the enthalpy of the steam was high (low pressure drop). The 
highest amount of steam needed for these scenarios was 210.3 kg/h (Table 6-9) and occurred 
when the inlet product temperature was low, the specific heat was high, and the enthalpy of 
steam was low (high pressure drop). This makes sense because steam contains the most energy 
with a higher enthalpy and requires less heat to reach the target temperature when the initial 
product is high and the specific heat is high.  
In Iowa, the average  cost of natural gas in 2019 was $4.67 per thousand cubic feet  (U.S. 
Department of Energy, 2020).  Natural gas contains 37 MJ (1000 BTU) per cubic foot (Tran, 
2002). Assuming water enters the boiler at 22 C (room temperature) and is raised to boiling 
temperature of162°C at 552 kPa and the boiler is 90% efficient, the average cost of steam is 
$0.164/t (Equation (6-16).   
 
























This translates to a difference of $0.007/h for the lowest energy scenario and $0.017/h for 
the highest energy scenario, or 147% higher.  Assuming the feed mill operates for 120 hours a 
week for 50 weeks a year, this can result in up to $62 more for the highest energy scenario 
compared to the lowest energy scenario. In reality, this number would be much larger as most 
feed mills produce at rates of 10-50 times greater than 1.8 metric t/h (2 US t/h).  
The lowest energy costs occur when the initial product temperature is high, the specific 
heat is low, and the steam enthalpy is high.  While the initial product temperature is typically 
determined by the ambient weather conditions plus the amount of heat added by the grinding 
step, steps can be taken wherever possible and convenient to keep the feed mash warm prior to 
conditioning.  The steam pressure drop can be regulated to result in the highest energy saturated 
steam entering the conditioner.  While the feed mash specific heat is determined by the feed 
mash formulation and generally does not change much, it is a factor that could be taken into 
consideration when formulating diets based on least-cost. In this example, the specific heat 
difference was 69% which proportionally affected the steam energy needed independent of initial 
temperature, steam enthalpy, or initial moisture content. 
 
Calculated Final Product Moisture Content 
 𝑀𝐶𝑜𝑢𝑡 =
𝑇𝑜𝑡𝑎𝑙 𝑊𝑎𝑡𝑒𝑟











((?̇?𝑝 × 𝑀𝐶𝑖𝑛) +
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The final product moisture content was calculated by dividing the total amount of water 
(initial moisture and added steam moisture) by the total amount of matter (water and dry matter).  
The energy utilization factor was used in the calculation because only 70% of the total moisture 
added at the conditioner was assumed to end up condensing into the feed mash as determined by 
analyzing the second set of pilot plant trials and Gilpin data. The lowest calculated resulting 
moisture content was 15% which resulted when the inlet product temperature was high, the 
specific heat was low, and the initial moisture content was low (Table 6-9).  The enthalpy of the 
steam did not impact the final moisture content for the lowest initial moisture content case.  The 
highest calculated resulting moisture content was 21% and occurred when the inlet product 
temperature was low, the specific heat was high, initial moisture content was high, and steam 
enthalpy was low (Table 6-9). As compared to the lowest final moisture content case, the steam 
enthalpy did impact the final moisture content by 1 percentage point for cases 9 and 11 (Table 
6-9).  This is because the most steam is needed in this scenario because the initial product 
temperature is low, the specific heat is high, and the steam enthalpy is low.  A higher initial 
moisture content will result in a higher final moisture content because the same amount of steam 
is condensing regardless of the initial product moisture content.  
The maximum moisture of feed mash exiting the conditioner without causing the pellet 
mill to plug has been determined to be about 17% (Bortone et al., 1987). Only half of the 
scenarios tested resulted in a moisture content of 17% or below (Table 6-9). Therefore, half of 
these scenarios would be challenging to pellet because the high moisture content could result in 
issues during pelleting such as slipping of the rolls and plugging of the die.  Furthermore, 
resulting pellets would have too high of a moisture content for a typical counterflow pellet cooler 
to remove and achieve a safe storage moisture content of 14% or less. Counterflow pellet coolers 
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utilize evaporative cooling to remove moisture while reducing temperature to within 2.5-5°C of 
ambient temperature. This process is dependent on many factors such as residence time in the 
cooler, bed depth, pellet diameter, airflow rate, and air psychometric properties but is limited to 
only a few points of moisture. Therefore, if the feed mash is at too high of a moisture content 
exiting the conditioner, it will not be cooled and dried to proper storage conditions.  The 
moisture content of product exiting the conditioner should be something that feed mill personnel 
become aware of because it is not common to test the final moisture content of the feed mash. 
Instead, when it is too high and the rolls begin to slip, ideally the automated monitoring and 
control system causes an alarm and stops the conditioner before a plugging situation occurs.  
The way to control the conditioning and pelleting process and achieve a final feed mash 
moisture content of 17% is by adjusting the steam flow rate into the conditioner accordingly. In 
the case of the scenarios evaluated, steam flow would have to be adjusted as indicated in Table 
6-10.  The steam flow rate to achieve a desired moisture content of 17% is entirely dependent 
upon the product initial moisture content and flow rate.  Therefore, the only two steam flow rates 
needed in this analysis are 54 kg/h for an initial 14% moisture and 90 kg/hour for an initial 12% 
moisture. The energy of this steam is dependent on the enthalpy of the steam.  
The final temperature of the conditioned product is a result of the energy the condensed 
steam contains.  In the previous analysis, the temperature targeted was 82.2°C. In this case, the 
final conditioned feed temperature ranges from as low as 30°C and as high as 104°C. The lowest 
temperature case of 30°C is much too low for proper conditioning.  This case occurs when the 
initial product temperature is cold, the specific heat is high, the steam enthalpy is low, and the 
initial moisture content is high.  This makes sense because moisture readily condenses when the 
low energy steam comes into contact with the cold product and raises moisture content by 3 
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percentage points while not sufficient energy remains to also raise the feed mash temperature.  
The highest temperature case occurs when the initial product temperature is high, the specific 
heat is low, the steam enthalpy is high, and the initial product moisture content is low which is 
the opposite of the lowest final temperature case.  This makes sense because steam contains the 
most energy with a higher enthalpy and requires more steam to reach the target moisture content 
when the initial product moisture is low resulting in a higher temperature increase due to the low 
specific heat of the feed.  
 
 
Table 6-10: Full factorial analysis of variables and steam calculator results for achieving 17% target moisture 
content  

























































































































kg/h kW °C 
1 25 2.7 2760 14 77 59 48 
2 25 2.7 2760 12 129 99 69 
3 25 2.7 2714 14 77 58 48 
4 25 2.7 2714 12 129 97 68 
5 25 1.6 2760 14 77 59 69 
6 25 1.6 2760 12 129 99 104 
7 25 1.6 2714 14 77 58 69 
8 25 1.6 2714 12 129 97 102 
9 0 2.7 2760 14 77 59 31 
10 0 2.7 2760 12 129 99 51 
11 0 2.7 2714 14 77 58 30 
12 0 2.7 2714 12 129 97 50 
13 0 1.6 2760 14 77 59 52 
14 0 1.6 2760 12 129 99 86 
15 0 1.6 2714 14 77 58 51 
16 0 1.6 2714 12 129 97 85 
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Only two of the sixteen cases (case 14 and 16) tested resulted in final conditioned product 
temperature within 10% of 82.2°C which was the target temperature of the previous analysis.  
Conditioning temperatures that are too low will impact pellet quality and will not achieve 
microbial reduction.  Temperatures that are too high will result in damage to the nutrients in the 
feed ingredients, excess energy consumption, and increased cooling time. It is much more 
common to adjust steam flow rates to achieve a target conditioning temperature versus adjusting 
them for a targeted moisture content. However, it is important to be aware of the moisture 
content of the conditioned product to prevent plugging of the die and manage steam and energy 
consumption within the feed mill. 
In the analysis of both, the high and low values of the “what-if” scenarios are the extreme 
ends of commonly used values for processing and many standard values lie between these 
extremes and result in a lower final moisture content rather than the high values produced when 
the highest and lowest parameters are tested as was done in this analysis. When moisture content 
is controlled for, the temperature of the feed mash varies significantly. A 1 percentage point 
change in moisture content results in a 14 degree change in the resulting final feed mash 
temperature whereas a 1 degree temperature change results in a 0.07% change in moisture 
content. Therefore, controlling for target temperature will only have a minimal impact on the 
final product moisture content whereas controlling conditioning for final product moisture 
content can result in much larger changes in the temperature of the conditioned feed.    
Next, the “what-if” scenarios were analyzed to achieve a moisture content of 17% and a 
temperature of 82.2°C by changing the steam enthalpy. The previous sixteen scenarios were 
reduced to eight scenarios by removing steam enthalpy as a factor in the analysis (Table 6-11).  
The target temperature of conditioning was set at 82.2°C and the steam enthalpy was adjusted to 
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achieve a final product moisture content of 17% or less to reach the desired level of pathogen 
reduction while keeping the moisture content low enough for successful pelleting. 
Table 6-11: Full factorial analysis of variables and steam calculator results for achieving 17% target moisture 
content and 82.2°C target temperature. 
 






content (%) Steam Enthalpy 
(kJ/kg) 
Final 












1 25 2.7 14 3650 17% 
2 25 2.7 12 2760 17% 
3 25 1.6 14 2760 17% 
4 25 1.6 12 2760 15% 
5 0 2.7 14 5250 17% 
6 0 2.7 12 3350 17% 
7 0 1.6 14 3200 17% 
8 0 1.6 12 2760 16% 
 
Essentially, when controlling for desired temperature, if the final moisture content is too 
high under normal operating conditions, a higher steam enthalpy is necessary to reduce the 
amount of moisture added to the product for the same temperature increase.  This is because 
when controlling for temperature, the required steam flow rate determines the final moisture 
content and is dependent upon the enthalpy of the steam.  Therefore, a higher enthalpy will result 
in less steam needed to reach a target temperature and less moisture condensing into the feed 
mash resulting in a lower product moisture content.   
When controlling for moisture content, if the product temperature is too low, the enthalpy 
of the steam can be increased to add more heat for the same amount of water added. Table 6-11 
shows steam enthalpy values for the eight “what-if” scenarios that are necessary to achieve a 
temperature of 82.2°C while generating a product with a final moisture content of 17% or less.   
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Steam enthalpy can be modified by altering the steam quality.  The enthalpy of the steam 
is highest at a constant temperature and pressure when the steam quality is the highest.  When the 
steam quality is decreased, the enthalpy of the steam decreases.  If the moisture content of the 
product needs to be increased without increasing the temperature, the steam quality can be 
lowered.  In all of the eight cases, there were no cases where the steam enthalpy needed to be 
lowered because the product moisture content can be below 17% without causing any issues to 
processing into pellets.  Therefore, there is no need to reduce the steam quality to meet the 
temperature and moisture requirements.  
In the case of these “what-if” scenarios, four cases (half of total number of cases) fell 
within the normal conditioning range of steam enthalpy to meet the required temperature of 
82.2°C and moisture content of 17% (Table 6-11).  In the other four cases, the steam enthalpy 
must be increased to a minimum of 3200 kJ/kg (case 7) and to a maximum of 5250 kJ/kg (case 
5).  
A steam enthalpy of 3200 kJ/kg is extremely high and could be supplied by steam at a 
superheated temperature of 372°C. The steam in the supply line out of the boiler and before the 
pressure drop is typically around 185°C so this high of a temperature is not feasible.  The highest 
steam enthalpy needed is 5250 kJ/kg which occurs when the steam is superheated to an extreme 
temperature of 1250°C at atmospheric pressure. This is unreasonably high compared to typical 
steam conditioning in a feed mill where steam is delivered to the conditioner at a temperature 
around 130°C with an enthalpy of 2730 kJ/kg at the regulator. 
When the initial product temperature was “cold” (0°C), three of the four cases required 
unreasonably high steam enthalpy levels to raise the feed mash temperature to 82.2°C while 
ensuring the moisture content does not increase above 17% (Table 6-11). The only case when the 
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product was cold to reasonably each the desired temperature and moisture content was when the 
specific heat was low and the initial moisture content was low (case 8).  Only one of the four 
cases when the initial moisture content was high could reasonably reach the target temperature 
and moisture content with a standard steam enthalpy (case 3). This case occurred when the initial 
product temperature was high and the specific heat was low.  On the other hand, when the 
specific heat of the product was low, three out of the four cases were resulted in the desired 
temperature and moisture content with a standard steam enthalpy level.  The only case that was 
not obtainable without an unreasonably high steam enthalpy level was case 7 which had cold 
product and a high initial moisture content. 
This “what-if” analysis shows that the feed mash must not be too cold or else it will not 
reach the desired temperature and moisture content during conditioning.  A temperature of 0°C is 
very low for feed mash but this low of a temperature can occur in a cold winter climate.  
Therefore, pre-heating or warming up the feed mash prior to conditioning may be required to 
achieve proper conditioning. However, the analysis shows that if the feed mash has a low 
specific heat and moisture content, it is not necessary to heat the product prior to conditioning. 
If the feed mash is warm initially, proper conditioning will not be achieved if the specific 
heat and initial moisture content are high.  The specific heat of the product can only be lowered 
by changing the feed formulation. Therefore, it is reasonable to suggest that in this scenario, the 
feed mash must be dried to a lower moisture content prior to conditioning. Feed mill operators 
must be aware of the limitations of conditioning in regards to moisture content and temperature 
increase to achieve the desired level of pathogen destruction and proper moisture content for 
conditioning within the constraints of steam generation, regulation and supply. 
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Overall, factors such as inlet product temperature, ingredients used, steam pressure drop, 
and initial feed mash moisture content impact the amount of steam needed for conditioning in 
order to achieve a desired final feed mash temperature such as 82.2°C or moisture content and 
17%.  It is important to understand how these processing parameters interact and impact steam 
utilization during conditioning. Ultimately, the amount of steam used during conditioning 
impacts the bottom line of feed mills which are generally operating under tight profit margins.  It 
is therefore important to understand and manage the conditioning process in the context of 
minimizing feed manufacturing costs and maximizing pellet quality and feed nutritional value.  
 
Conclusions 
The objectives of this analysis was to understand the mass and energy balance of feed 
manufacturing to better control the conditioning process. Based on the analysis of the moisture 
content, temperature, and steam data collected from the second set of pilot plant trials and from 
Gilpin’s master’s thesis as well as additional investigation of steam usage in feed mills, the 
following conclusions were drawn: 
 The average steam energy utilization of the both sets of data was calculated to be between 
70-80%.  
 The industry standard of 50 kg of steam needed to condition 1000 kg of feed mash should be 
revised to 60 to 70 kg of steam needed to condition 1000 kg of feed mash. 
 The industry standard that suggests a 1 percentage point of moisture content increase for 
every 12.5C increase in temperature should be revised to a 14 to 16°C temperature increase 
for every 1 percentage point of moisture content increase.  
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 A steam calculator was created and verified using the Gilpin data and the second set of pilot 
plant trials data. This calculator can be used by feed industry operations professionals to 
evaluate and optimize mass and energy balances of their steam conditioning systems, better 
manage steam utilization and energy consumption. 
 The industry guidelines for pellet mill capacity vs steam requirements were analyzed and 
updated to reflect pellet mill capacities for up to 100 t/h. The chart was also applied to metric 
units and different percent steam energy utilization values. 
 “What-if” scenarios analyzed the impact that inlet product temperature, moisture content, 
specific heat, and steam pressure drop have on the amount of steam needed for conditioning 
given a desired temperature and/or moisture content.  
o When controlling the steam flow rate to achieve a desired temperature, certain 
combinations of input factors can result in a moisture content that is much too high 
and will plug the pellet die.    
o When controlling the steam flow rate to achieve a desired moisture content, certain 
combinations of input factors can result in temperatures that are much too low or 
much too high for proper conditioning. 
o When controlling both steam flow rate and pressure drop between the boiler and the 
conditioner, the lowest energy costs occur when the initial product temperature is 
high, the specific heat is low, and the steam enthalpy is high.   
Understanding of the interaction between steam and feed mash and its impact on the feed 
manufacturing process can help feed mills manage energy consumption and cost while achieving 
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CHAPTER 7.    DESIGN AND EVALUATION OF THE FEASIBILITY OF A 
PNEUMATIC CONVEYING SYSTEM TO ENHANCE FEED SAFETY DURING 
HANDLING IN A FEED MILL 
Abstract 
Animal feed quality and safety are a critical aspect of feed manufacturing and biological 
hazards pose a significant risk to animal wellbeing. Biological hazards are controlled in feed 
production through a conditioning and pelleting heat treatment step.  Heat treated feed is at risk 
of recontamination during cooling and conveying which negates the effect of thermal treatment. 
The cooler/dryer and bucket elevator typically used in feed processing are difficult to clean and 
can harbor pathogens.  A pneumatic conveying system has the potential to replace the 
cooler/dryer and bucket elevator process by cooling and drying the feed mash or pellets with 
filtered conveying air while simultaneously transporting them from processing to storage. In this 
chapter, the feasibility of a pneumatic conveying system to cool and dry animal feed for the Iowa 
State University feed mill was evaluated and a design was proposed. A techno-economic analysis 
was conducted comparing the overall cost of a conventional system to the pneumatic design. 
While the pneumatic system has substantially higher capital (434%) and operating (72%) costs, it 
was concluded that the design has the potential to preserve feed quality during cooling, drying 
and handling pellets and mash while reducing biological contamination and enhancing human 
and feed safety. However, a concern of the system is the high cost of energy use with the 
majority of energy consumption occurring during the cooling of the feed which accounts for 80% 
of the total energy use.   
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Description of Problem 
Biosecurity is an important aspect of feed manufacturing.  It is essential to provide 
animals with feed that is free of pathogens and safe to consume.  One way to minimize the 
amount of pathogens in feed is to destroy them during processing.  Common methods to reduce 
microbes include thermal heat treatment using conditioning as well as additives including 
organic acids and formaldehyde.  Thermal heat treatment from conditioning is commonly used 
throughout the feed industry as conditioning has many benefits including improved availability 
of nutrients to the animals, destruction of inhibitors and toxins, reduction of pathogens, increased 
pellet durability, and decreased feed waste (Schofield, 2005).  
After conditioning, the feed mash goes into a pellet mill and from there through a cooler, 
or directly into the cooler where the mash or pellets are dried and cooled before bagging or bulk 
load-out.  The main objective of drying and cooling is to bring moist and hot feed mash or pellets 
to temperature and humidity equilibrium with ambient air as quickly and inexpensively as 
possible to prevent bacteria and mold development (Boloh, 2015).  In feed manufacturing, the 
cooler performs drying and cooling functions simultaneously through the evaporative cooling 
process utilizing ambient air.  While steam conditioning is an effective strategy for sterilizing 
feed contaminated with non-spore-forming bacteria such as Salmonella, processed feed is at risk 
of recontamination, particularly during the cooling process and subsequent mechanical handling 
(Goodarzi Boroojeni et al., 2016). Precautions must be taken to limit the chances of 
recontamination to increase the quality and safety of the final feed that the animals consume.  
Coolers function to remove the heat from the feed mash or pellets that was added during 
conditioning and pelleting.  Coolers can bring hot mash or pellets from 80-90C (176-194°F) to 
about 5-10 degrees above ambient temperature and typically reduce moisture content to under 
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14% (according to EU regulations) (The European Commission, 2013).  During the cooling (and 
drying) of feed, high volumes of air (11-23 m3/min/t of processed feed) flow through the cooler 
to remove the moisture and heat added during the conditioning stage. Air drawn from within a 
feed mill is at risk of carrying dust and pathogens with it and recontaminating the feed (Jones & 
Richardson, 2004). Dust has been shown to contain a large amount of microorganisms in the 
range of 20 to 200 colony forming units (CFU) per cubic meter of air.  This could theoretically 
result in each 10-100 tons of previously decontaminated feed picking up 1 Salmonella organism 
while passing through the cooler (Riley, 1969). 
In 1997, Davies and Wray investigated the rate of Salmonella contamination from dust on 
milling equipment at nine feed mills.  They concluded that the intake pits were the most 
frequently contaminated site and coolers were the second with rates as high as 85% 
contamination at one feed mill.  In this particular feed mill, processed feed from the mill was 
tested and found to be contaminated with the same Salmonella serotypes that had been isolated 
in the coolers over a long period of time (Davies & Wray, 1997).  Coolers also pose a high risk 
for recontamination because if the temperature of the top and walls of the cooler drops below the 
dew point temperature of the entering air, humidity inside the cooler can condense on the interior 
surfaces. The water raises the moisture level inside the cooler which creates favorable growth 
conditions for Salmonella (Jones, 2011; Jones & Richardson, 2004). 
Traditionally, bucket elevators are used to transfer feed from the cooler to bagging or 
load-out because they move material gently, quickly, and vertically within a limited space, and 
they are cost-effective when compared to other high-capacity conveying systems. However, 
there are major drawbacks to bucket elevators including difficult maintenance due to motors 
installed at their very top, many moving parts, substantial energy costs, and difficulty to clean.  
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Bucket elevators can also be messy with piles of material collecting in the boot section due to 
spillage from the buckets during uptake of pellets from front loading or during force feeding of 
mash on the downside of the belt. Bucket elevators have wear and tear, need to be protected in 
terms of fire and explosion proofing (Stevenson, 2015), and can jam if regular inspections are 
not conducted.   Bucket elevators can harbor pathogens such as Salmonella and re-contaminate 
feed that has already been processed to destroy pathogens. 
In feed mills, it is desirable to clean-out a feed processing line to remove any residual 
material that can harbor drugs or pathogens, and contaminate upcoming production runs.  A 
process called “flushing” is typically used in production facilities where there is only one 
production line on which different animal species feeds are produced and consists of running 
ground grain through the system to remove any residual material from the previous production 
run. This process is used to dilute drug carryover below detectable levels from the system after 
medicated feed manufacturing.  Flushing can also be used to clear-out any potentially 
contaminated feed and remove dust from the system.   
Martinez-Kawas (2008) evaluated the carryover of a medicated feed additive between 
batches of feed and the effectiveness of flushing.  The researcher determined that the bucket 
elevator and finished product silo showed carryover of the medicated feed additive (Martinez-
Kawas, 2008). The study determined that a flush size equivalent to 2.5% and even 1% of a 
mixer’s capacity effectively prevented the detectable carryover of medicated feed additives.   
The transfer of feed within a mill can be improved upon to prevent recontamination of 
feed. Pneumatic conveyors are broadly used in the materials handling industry because transfer 
of bulk solids can be performed rapidly and can be combined with both heating, drying and 
cooling processes (Dhurandhar et al., 2018). Pneumatic conveying systems are becoming more 
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common in the feed industry due to a growing recognition of their advantages (Kice, 2005). The 
uses, applications and requirements of pneumatic conveying systems are many and vary by mill 
(Mills, 2016).  Basic components of a pneumatic conveying system include an airlock-style 
feeder that allows clean air and material to enter the system, a pipeline that conveys the mix of 
air and material, and a cyclone-style discharge hopper and filter that separates material and air as 
both exit the pipeline (Figure 7-1).  
 
Figure 7-1: Positive pressure pneumatic conveying system with key components identified and process points 
numbered (Mills, 2016). 1 = pipeline inlet – material feed point; 2 = pipeline outlet – material discharge point; 
3 = air inlet to compressor; 4 = air outlet from compressor. 
 
During pneumatic transport, solid particles (such as feed mash or pellets) can be co-
transported using air with a velocity higher than the particle terminal velocity (Dhurandhar et al., 
2018).  Pressure difference along the pipeline moves bulk material from regions of high pressure 
to low pressure using a vacuum, blower, or compressor. Pneumatic transport is used preferably 
when loads are less than 1000 lbs/min (454 kg/min) (Kice, 2005) and can convey fine powders to 
pellets with bulk densities of 1 to 200 lb/ft3 (16 to 3200 kg/m3) (Bhatia, n.d.). 
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Pneumatic conveying provides a number of advantages over conventional bucket elevator 
conveying systems. They require lower maintenance, increase human and feed safety, result in 
less spillage and dust leaks, have better sanitation, and enhance flexibility as the product can be 
conveyed both horizontally and vertically (PPS, 2016a). However, pneumatic conveying is not 
always the perfect solution and has disadvantages including being less energy efficient, requiring 
a larger dust collection system, difficulty in conveying certain materials, and not being ideal for 
combustible bulk solids (PPS, 2016). Feed safety is increased by the use of a pneumatic transfer 
system because the risk of product contamination is greatly reduced by the enclosed pipeline.  
Pneumatic systems are easy to clean and there is little to no carry-over because there are no 
crevices where dry material can collect and contaminate feed.  
Pneumatic conveying of pelleted feed is preferred to mash feed because wet fine 
materials tend to coat the pneumatic pipeline and bends which makes it difficult to clean and 
may eventually result in blockage of the line (Mills et al., 2004).  However, feed pellets are more 
susceptible to attrition during pneumatic conveying than mash feed. The physical quality of the 
feed being transferred should be good enough to maintain its structure throughout transportation 
and feeding without generating excessive amounts of fine particles and dust (Sorenson et al., 
2008). The length and diameter of the conveying pipeline, as well as the internal roughness of 
the pipe, impact the amount of fine particles generated during transport (Sommerfeld & Kussin, 
2004).  
Aarseth (2004) found that when conveying feed pellets pneumatically, product damage 
increased exponentially with conveying air velocity for all three feeds tested. They also found 
that short radius bends (15 cm) resulted in more product damage compared to bends of longer 
radius for all conveying air velocities tested (20-50 m/s). Common pneumatic systems used to 
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convey most materials within a feed mill operate between 4000 to 5000 ft/min(20 to 25 m/s) 
(Kice, 2005) so the high end of velocities tested by Aarseth (2004) are more extreme than a 
typical pneumatic design for feed operations. Sorenson et al. (2008) researched feed pellet 
durability in pneumatic conveying systems for fish farming and found that degradation was 
affected by physical quality of feed, air velocity and feeding rate.  The pellets were transported in 
a 400 m pipeline and the researchers concluded that degradation of pellets varied by diet with 
two diets showing only a marginal increase in in pipe facture and the third diet showing a much 
higher rate of increase of in pipe fracture when air velocity increased from 25 to 35 m/s (Figure 
7-2). The study also found that a higher feeding rate of 9 to 36 kg/min appeared to protect the 
pellets from degradation for all three feeds (Sorenson et al., 2008). High drag force between air 
and pellet surfaces results from high conveying air velocities and causes generating more dust 
and fine particles.  When the feeding rate is increased, the pellets protect each other from 
collisions which results in the reduction of breakage and dust generated (Sorenson et al., 2008). 
It is important to produce pellets of high durability and to properly design a pneumatic system to 
retain pellet quality throughout transportation.  
 
Figure 7-2: Effect of airspeed on generation of fracture. InPipe_Fracture: The weight of materials above 8 
mm and 2.36 mm sieves purely generated by pneumatic conveying (Sorenson et al., 2008) 
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Pneumatic conveying has been used as a heat exchanger and dryer in cement plants to 
preheat the kiln feed and in pharmaceutical plants for moisture removal (Dhurandhar et al., 
2018). In a pneumatic conveying system, the heat transfer rate depends upon the heat transfer 
area which changes based on the concentration of particles being transported (Rajan et al., 2010). 
The interaction that occurs between the conveyed material and the air are functions of basic 
physical properties such as particle size, density, shape, size distribution, surface hardness, and 
loose poured bulk density (Dhurandhar et al., 2018). The objective of this study was to evaluate 
the feasibility and cost effectiveness of a pneumatic conveying system design in place of a 
typical counterflow cooler and bucket elevator to enhance feed safety during handling of heat-
treated feed mash and pellets while preserving feed quality in the new feed mill to be built at 
Iowa State University.   
 
Design 
The proposed layout and design of the new Iowa State University (ISU) feed mill was 
used as the basis for the pneumatic conveying system design.  The ISU feed mill requires 
handling of both pelleted and mash feed. The requirements for airflow are higher for pelleted 
feed, therefore the pneumatic system in this analysis was designed for pelleted feed. The 
expectation is that this system will be able to meet the needs of both products in terms of flow 
rate and control.  
The system dimensions are approximate because at the time of this analysis the feed mill 
was not yet constructed. Based on the layout, the outlet of the conditioner, retentioner and 
pelleting system will be 20 feet horizontally from the building wall and the inlet to the load-out 
bin will be 70 feet vertically above and 40 feet horizontally across (Figure 7-3).  The pneumatic 
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system must be able to handle a capacity of 5 tons per hour (t/h) which is the maximum capacity 
of the conditioning, retentioning and pelleting system.  
 
 
Figure 7-3: Design dimensions for the pneumatic conveying system proposed for the new ISU feed mill. 
 
Pneumatic conveying systems contain three essential components; an air moving device, 
airlock valve, and tube system with accessories (Kice, 2005).  Air movers supply the air to 
transport the material, the tube contains and carries the material, and the airlock allows the 
material to pass through an opening into a bin while minimizing air loss through the same 
opening to maintain pressure in the conveying system. In this design, the pneumatic system will 
need its own direct air source that will be filtered at three levels; first, by a roughing filter 
capable of removing coarse particles and fibers; second, by a prefilter of 85-95% atmospheric 
dust efficiency; and third, by a high-efficiency particulate air (HEPA) filter rated at 99.97% or 
higher to remove any pathogens in the incoming process air and to avoid feed from being 
recontaminated after the heat-treatment process (DiBerardinis et al., 2013).  
 
Conditioner, retentioner 
and pellet press 
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Dilute-Phase Vs Dense-Phase Conveying 
Pneumatic conveying systems are classified by their operating principle into two basic 
types: dilute phase and dense phase (Mills, 2016). Dilute-phase conveying is a more common 
method of conveying where particles are fully suspended in the conveying air and transported at 
low pressure and high velocity.  The high velocity air is sufficient to pick up and carry individual 
particles over relatively short distances. In dense-phase conveying, particles are not suspended in 
the conveying air and are transported at high pressure and low velocity reducing abrasion and 
material degradation.  
Dense-phase conveying is not used in feed manufacturing because these systems cannot 
convey particles larger than powder and are not inherently self-cleaning (Kice, 2005). During a 
shutdown, material remains in the conveying line which can cause sanitation and contamination 
problems of the feed (Kice, 2005).  Dilute-phase conveying systems are better suited for feed 
manufacturing and can handle large particles such as whole grains and pellets. Therefore, a 
dilute-phase system was selected for this design. 
Dilute-phase conveyors require a substantial pressure differential to create sufficient air 
velocity to continuously move product (Kice, 2005). Conveying air can either be positive or 
negative pressure, i.e., pushing or pulling the particles through the pipping, respectively. Positive 
pressure systems that discharge to atmospheric pressure are most common (Mills, 2016). 
Diverter valves can allow delivery to multiple reception points which is advantageous for the 
ISU feed mill design because heat-treated feed mash and pellets will be transferred to several 
different working and load-out bins. Positive pressure systems can operate with a solids-to-air 
ratio of up to 150 and operate at pressures up to 110 psig (7.6 barG). Therefore, a positive 
pressure system was selected for this design because they are also less expensive and better 
suited for applications employing one pickup point and several discharge points (Bern, 1996). 
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The system will only have one pick up point at the conditioning, retentioning, pelleting system 
either as mash or pellets, and two discharge locations, one into a working bin for bagging and the 
second into a load-out bin for bulk transport. 
Components of a dilute-phase, positive pressure conveying system include (Bhatia, n.d.): 
 Air mover 
 Feeding device (such as rotary airlock valves) 
 Transfer line including piping, elbows, diverter valves 
 Filter receivers 
 Cyclone separators 
 Dust collectors 
 Storage bins 
 
Air Mover 
The air source is the heart of the pneumatic conveying system and impacts the success of 
the transfer process.  Air movers are selected based upon the volumetric flowrate of the 
pneumatic system and the static pressure required to overcome system resistance which is 
primarily dependent upon the material being conveyed, the flow rate, and the conveying distance 
(Mills, 2016).  An airflow mover must be selected to operate at the desired airflow rate and 
pressure. The choice and sizing of the air source impacts the system conveying capacity and is 
vital to the performance of the overall system as well as the system’s economic performance 
(Crawley & Bell, 1993). Power requirements for pneumatic conveying can be high and therefore 
the blower must be sized correctly to reduce unnecessary energy costs. 
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Air movers for high volumetric flow rate and low pressure systems include fans and 
blowers.  Compressors can produce high pressures and are typically used for long distance or 
dense-phase conveying systems. With most compressors the air is delivered at a high 
temperature which is beneficial for the drying phase of the conveying operation but is not 
desirable for the cooling phase.  The selection and sizing of an air mover for a specific pneumatic 
system depends upon the conveying air velocity and conveying air pressure. 
 
Conveying Air Velocity: 
The velocity of air needed for conveying depends on the density, shape, and size of the 
material being conveyed (Kice, 2005).  Terminal velocity is defined as the rate at which particles 
fall in still air and can be determined by physical testing of different materials.  In dilute-phase 
conveying systems, the velocity of the conveying air must be much faster than the terminal 
velocity in order to pick up and carry the particles at a high rate (Mills, 2016).   
Damage to feed pellets during pneumatic transport is a concern, and has been found to 
increase exponentially as a function of increasing conveying air velocity (Aarseth, 2004). The 
angle of impact along a bend or end of the pipeline has a significant influence on product 
damage (Halstensen at al., 2014). On the other hand, if the conveying velocity is too low, 
operation will be inconsistent due to solids deposition, or become completely inoperable because 
of pipeline blocking (Cabrejos & Klinzing, 1994). In general, the minimum conveying velocity is 
the air velocity considered safe for consistent transportation of pellets while maintaining physical 
quality (Halstensen et al., 2014).  
Pneumatic systems used to convey most materials within a feed mill operate commonly 
between 4000 to 5000 ft/min (20 to 25 m/s) (Kice, 2005). Key is avoiding too low a velocity to 
prevent plugging and too high a velocity to prevent abrasion. Excessive air velocity also 
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increases electric power consumption, and wear and tear on the system.  Air velocity can be 
easily adjusted to convey different materials that have different terminal velocities and airflow 
requirements such as feed mash versus pellets.   
 
Air Pressure: 
The pressure caused by moving air is called velocity pressure.  It is used to pick up the 
particles as they drop into the pipeline and move them along. Static pressure is caused by 
frictional resistance of particles to flow caused by the mass of the particles and air molecules 
contacting and pushing against the inner pipeline surface (Kice, 2005).  The amount of fluid flow 
friction, and thus static pressure, increases with the flow velocity.  For example, when the 
velocity of the flow is doubled, the amount of friction increases by the square of this ratio (Kice, 
2005). An air moving device (fan, blower, or air pump) selected for a pneumatic conveying 
system must be sized to generate enough pressure to overcome the sum total of velocity pressure 
and static pressure.   
 
Feeding Device 
A considerable number of devices have been designed to feed material into pneumatic 
conveying systems.  A challenge with feeding material into positive pressure systems is that the 
product is at atmospheric pressure and must be fed against a pressure gradient to enter the 
pipeline.  This can result in loss of the conveying air. Therefore, a feeding device must be 
selected that can overcome the pressure difference. The pressure loss across the feeding device 
must be as low as possible as material flow rate is primarily dependent upon the systems pressure 
drop. The pressure capabilities of various feeding devices can be improved if they are used in 
conjunction with lock hoppers (Mills, 2016). An additional requirement of the feeding device is 
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that it should feed the material into the pipeline at as uniform of a rate as possible to prevent 
pipeline blockage from surges of material.  
The most commonly used feeding device for pneumatic conveying is the rotary valve, 
also known as a rotary airlock. These valves consist of a motor-driven rotor where product is 
gravity fed into a number of vanes that rotate to the bottom where the product is dropped into the 
conveying airstream.  For this system design, an off-set rotary valve (Figure 7-4) was selected 
because this design avoids shearing of the material and is widely used for feeding pellets (Mills, 
2016).  
 
Figure 7-4: Drop-through off-set rotary valve design chosen to intake heat-treated feed for the proposed 
pneumatic conveying system (Mills, 2016). 
 
 
A consideration of rotary valves is air-loss through the vanes. The vane fills with air as it 
releases the material and then rotates to the top where it is fed with more material.  This results in 
a small amount of air loss into the airlock inlet hopper. The amount of leakage depends on 
several factors including system pressure, rotor clearances, material properties, head of product 
above the valve, and whether venting is used or not (Bhatia, n.d.). Minimizing air leakage losses 
is important to avoid oversizing the blower for a new system, and losing conveying capacity in a 





Considerations that must be made when selecting and sizing the pipeline include 
material, wall thickness, surface finish, static charge, steps and bends to be used (Mills, 2016). A 
stepped pipeline is a continuous pipeline in which the diameter of the conveying pipe changes 
along its length to maintain a minimum velocity due to changes in volumetric flow rate of the 
conveying air as a result of pressure changes.  Steps are more commonly used when conveying 
distances are long and pressure losses are high, and therefore will not be necessary for this 
conveying system.  
Steel is the most commonly used material for pipelines. In this design, stainless steel was 
selected because the moisture in the heat-treated feed would cause rusting of regular steel. It is 
also important to consider the layout of a pneumatic pipeline in a feed mill which should include 
as few turns as possible, and maximize horizontal runs and minimize vertical lifts. Turns and lifts 
increase frictional resistance, energy loss, and needed blower power. The diameter of a pipeline 
also needs to be sized correctly to balance needed air velocity and product flow with the amount 
of electric motor power required for the blower. 
 
Filters, Cyclones and Other Components 
Other components of pneumatic conveying systems that are also required include filters 
and cyclones to separate the conveying air and solids at the end of the pipeline. If the conveyed 
solid consists of relatively large and heavy particles (with no fine dust) a separator is not 
necessary. The material may fall by gravity into a bin while the gas is taken off through a vent. 
When a solid of smaller particle size is conveyed, the gravitational effect needs to be enhanced to 
separate the product from the conveying air. This can be achieved by imparting a spin on the gas-
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solid stream so that the particles are thrown outwards as the gas is drawn away from the center of 
the vortex (Mills, 2016). This is how cyclone separators operate. A cyclone is generally suitable 
when medium to fine particulate material is conveyed and a fabric filter is most appropriate for 
dust and very fine materials.  
Other components may not always be required and are dependent upon the operational 
application.  These have been determined by Kice (2005) as: 
 Separator 
o Separates air and particles 
 Bin with vent 
o Used to receive pneumatically conveyed materials (already considered in 
the ISU feed mill design) 
 Diverter valve 
o Switches flow from one pneumatic tube to another 
 Bin flow valve 
o Switches flow from one bin to another while venting air out of bin 
 Silencer (muffler) 
o Reduces noise level of blower 
 Controls 
o Pressure relief valves and check valves 
 
System Sizing 
In terms of the approach for designing the pneumatic conveying system, it was first sized 
to meet the conveying capacity needs for the given feed material properties.  Once blower size, 
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airflow, and pipeline diameter were determined, then the cooling and drying capabilities of the 
system were determined based on the calculated conveying capacity. The design was then 
iterated to adjust conveying parameters to meet the cooling and drying requirements of the heat-
treated feed mash and pellets.  
 
Pipe Size 
The needed pipeline diameter was calculated from the procedure outlined by Bern 
(1996).  Material flow rate can be equated to the solids loading ratio and the air mass flow rate 
which is proportional to air velocity and pipe diameter (Mills, 2016). Before pipe diameter can 
be selected, the solids flow rate (𝑚𝑝̇ ), solids loading (SA) ratio (also known as solids-to-air 
ratio), and pickup velocity must be determined. In this case, the solids flow rate considered is 5 
t/h (167 lbs/min) which is the maximum capacity of the pellet press.  The solids loading ratio 
was selected to be 10 as suggested by Bern (1996) for preliminary design of grain and feed 
handling systems. The recommended air velocity for feed pellets at the pickup point is between 
4000-5000 ft/min (Stoess, 1983). Kice (2005) confirms that most stocks likely to be conveyed in 
feed mills (such as whole grain corn and feed pellets) will require velocities in the 4000 to 5000 
ft/min range.  





























Given both material and air are conveyed through the pipe, the blower fan has to be sized 
to handle both volumes combined. In most applications, the material volume is ignored for these 
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calculations due to the high bulk material density (Bhatia, n.d.). Neglecting the volume of solids, 



















where: 𝑚𝑎̇  = air mass flow rate, lb/min 
  v = air specific volume, ft3/lb (13.33 for standard air) 
 Va = air velocity, ft/min 
D= pipe diameter, in. 
solving for D: 
 𝐷 = 13.54√
(𝑚𝑎̇
𝑙𝑏 𝑎𝑖𝑟








Pressure and temperature at the pickup point need to be estimated and used in the ideal 
gas law to correct specific volume before the pipe diameter is calculated.  
Assumptions: T1 = 70 °C ambient; ΔT = 60 F temperature rise, P = 150 in. of water 
pressure rise where P1=14.7 psia: 
 𝑃2 = (150 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟) × (
1 𝑝𝑠𝑖
27.7 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟
) = 5.41 𝑝𝑠𝑖 + 14.7 𝑝𝑠𝑖𝑎 = 20.11 𝑝𝑠𝑖 
(7-4) 
 𝑇1 = 70℉ + 460 = 530 𝑅 (7-5) 
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= 𝟐. 𝟔 𝒊𝒏. (7-8) 
The diameter of the pipe was computed to be 2.6 inches. An actual available pipe size 
must to be selected and the closest standard size is a 2.5-inch pipe. In this case, the pickup 














This value of Va is judged to be close enough to the range of 4000-5000 ft/min for 
pelleted feed. The airflow rate should be kept at a minimum velocity to convey the pellets while 
preventing excess degradation.  The air velocity for pellets is recommended to be between 4000-
5000 ft/min, so a 2.5-inch pipe is above this targeted range. However, a 3-inch pipe is the next 
highest standard pipe size and that results in an air velocity of 3674 ft/min which is too low to 
convey the pellets.   Therefore, 2.5-inch pipe was selected for this design. 
 
Airflow Rate at Pickup Point 
The airflow rate at the pickup point (where the material is fed into the conveyor) can be 
calculated from the pickup velocity and cross-sectional area of the pipe as follows: 














An airflow rate of 180.3 ft3/min is the compressed volume flowrate of air that the air 
mover has to generate. 
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Pressure Losses 
Pressure losses due to air and material flow through the system are estimated using a 
procedure adapted from Pos and Lampman (1972) and other sources. All losses which occur in 
the system are additive. 
Entrance losses (Pe):  
There is no pressure loss at the entrance of the system because the blower is the first 
element in this positive pressure system design. 
 
Cyclone losses (Pc):  
Cyclone losses depend on the design of the air and material separating cyclone.  In the 
absence of specific information from a manufacturer, Pos and Lampman (1972) recommend 












= 𝟑. 𝟓𝟎 𝒊𝒏. 𝒘𝒂𝒕𝒆𝒓 (7-11) 
 
Losses due to acceleration of solids (Pa):  
The power required to accelerate the solids is calculated as a function of pressure.  To do 
this, the speed of the solids must be estimated first.  Pos and Lampman (1972) assumed solids 
velocity to be 80% of air velocity.  A slip ratio can be used to express the velocity of particles 
divided by the velocity of the conveying air.  A slip ratio of 0.8 is typically used for horizontal 
pipeline and a ratio of 0.7 is typically used for vertical pipeline. However, these values can vary 
over an extremely large range and are dependent upon particle shape, size and density (Mills, 
2016). A value of 75% was assumed here as an average for this system which combines vertical 
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= 𝟗. 𝟖 𝒊𝒏. 𝒘𝒂𝒕𝒆𝒓 (7-13) 
 
Duct losses (Pd):  
Duct losses can be estimated using a pressure loss graph (Figure 7-5) and knowing the 
uncompressed flow rate.  The equivalent length includes the centerline length of all elbows.   
 
Figure 7-5: Chart relating airflow rate in a pneumatic conveying system to pressure loss per 100 ft length and 
diameter of round metal tubes(Pos & Lampman, 1972). 
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Assume each bend has a radius of 8 times the diameter: 
 8 D = 8(2.5 in.) = 20 in. = 1.67 ft. 
(7-14) 
Centerline length through two 90-degree bends:  
 (2) (2   ft)/4 = 5.23 ft 
(7-15) 
 𝑃𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = (20 𝑓𝑡) + (70 𝑓𝑡) + (40 𝑓𝑡) + (5.32 𝑓𝑡) = 135.2 𝑓𝑡 
(7-16) 
From Figure 7-5: Pressure loss at 180.3 ft3/min is approximately 15 inches of water per 




) × (135.2 𝑓𝑡) = 𝟐𝟎. 𝟑 𝒊𝒏. 𝒘𝒂𝒕𝒆𝒓 
(7-17) 
 
Lifting solids losses (Pl):  
Pressure attributable to lifting solids up in vertical sections of pipe is the lifting solids 






(10) × (70 𝑓𝑡)
69.4
= 𝟏𝟎. 𝟏 𝒊𝒏. 𝒘𝒂𝒕𝒆𝒓 (7-18) 
 
Material friction losses in horizontal piping (Ph):  
Following the procedure recommended by Fischer (1958), pressure loss attributable to 
material friction in horizontal piping is computed assuming all material slides on the pipe wall 
with a normal force of gravity and a dynamic coefficient of friction.   
H = total length of horizontal pipe, ft 
 𝐻 = (40 𝑓𝑡) + (20 𝑓𝑡) = 60 𝑓𝑡 
(7-19) 





(0.4) × (10) × (60 𝑓𝑡)
69.4
= 𝟑. 𝟓 𝒊𝒏. 𝒘𝒂𝒕𝒆𝒓 (7-20) 
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Material friction losses in bends (Pb):  
Using the procedure of Pos and Lampman (1972), all material is assumed to pass around 
bends being forced against the outer pipe wall by centrifugal force, and exhibit a restraining 












= 10.8 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 × 2 𝑏𝑒𝑛𝑑𝑠 = 𝟐𝟏. 𝟓 𝒊𝒏. 𝒘𝒂𝒕𝒆𝒓 
(7-21) 
 
Pressure drop attributed to other accessories (Po):  
Table 7-1: Estimated pressure losses in pneumatic conveying systems attributed to accessories (Noyes & 
Pfieffer, 1985). 
 Pressure Loss - Pneumatic Conveying System Accessories 
 
blower suction 0.1 PSI 
inlet filter only 0.1 PSI 
inlet filter and muffler 0.2 PSI 
outlet muffler and check plate 0.2 PSI 
discharge cyclone collector 0.1 PSI 
primary filter receiver - ARV & VAS style (no neg. fan) 0.2 PSI 
bin vent - AVS style (no neg. fan) 0.2 PSI 
inline or shaker filter 0.2 PSI 
bottom diverter 0.1 PSI 
              
 
From Table 7-1, the following accessories were selected for this design: one inlet filter 
and muffler (0.2 psi), one discharge cyclone collector (0.1 psi), one bin vent (0.2 psi), and one 
bottom diverter (0.1 psi). 
 𝑃𝑜 = (0.6 𝑝𝑠𝑖) × (
27.7 𝑖𝑛. 𝑤𝑎𝑡𝑒𝑟
1 𝑝𝑠𝑖
) = 𝟏𝟔. 𝟔 𝒊𝒏. 𝒘𝒂𝒕𝒆𝒓 
(7-22) 
 
Total Pressure (Pt): 
All of the pressures calculated above can be summed to get the total pressure the blower of the 
pneumatic system must overcome to convey the material. 
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𝑃𝑡 = 𝑃𝑒 + 𝑃𝑐 + 𝑃𝑎 + 𝑃𝑑 + 𝑃𝑙 + 𝑃ℎ + 𝑃𝑏 + 𝑃𝑜 
(7-23) 
𝑃𝑡 = (0) + (3.5) + (9.8) + (20.3) + (10.1) + (3.5) + (21.5) + (16.6) 




Based on the total pressure, the flowrate can be recalculated for the air-mover inlet 
condition as follows: 
𝑃𝑡 = (85.3 𝑖𝑛. 𝑤𝑎𝑡𝑒𝑟) × (
1 𝑝𝑠𝑖
27.7 𝑖𝑛. 𝑤𝑎𝑡𝑒𝑟
) = 3.1 𝑝𝑠𝑖 + 14.7 𝑝𝑠𝑖𝑎 















The blower needs to be capable of generating a filtered airflow rate of 195.9 ft3/min at an 
ambient temperature of 70°F and a total pressure of 17.4 psi.  Assuming the blower efficiency is 











=  𝟓. 𝟏 𝒉𝒑 (7-27) 
 
Comparing Industry Handbook Design Values 
Table 7-2 from Kice (2005) summarizes average estimates for positive-pressure 
conveying systems handling fine, dry powder or granular materials. Estimates assume each 
system has three 90 elbows.  In the case of this design, the system only has two elbows but  
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still provides a good comparison to the hand calculated values above.  Estimates also include 
allowances for inlet air filter, unit fittings, and outlet separator totaling 10 inches of water 
column resistance compared to 8.3 inches of water column resistance determined by the hand 
calculations. Data is based on 4000 ft/min air velocity which is within the airflow range needed 
to convey pellets.  Kice (2005) recommends adding 20% to the table values for resistance and air 






Table 7-2: Industry design values for the design of positive pressure pneumatic conveying systems (Kice, 2005). 
 




Typical heavy loading for 
systems with 
displacement air pump 
Pressure Required (Resistance) for Given Run Lengths — lbs/sq in. Run length equals actual vertical plus horizontal distance in feet. 
Estimate includes allowance for long sweep elbows. See explanation. 
Press. of Total Run Length 25 50 75 100 125 150 175 200 225 250 275 300 325 350 feet 
It 100% Vertical 2.7 3.1 3.4 3.8 4.2 4.6 5 5.4 5.7 6.1 6.5 6.9 7.3 7.7 psi 
If 50% Vert. 50% Horiz. 2.8 3.2 3.6 4.1 4.5 4.9 5.4 5.8 6.2 6.7 7.1 7.5 8 8.4 psi 

















25 50 75 100 125 150 175 200 225 250 275 300 325 350 feet 
2 1 7/8 75 75 3 3 3 3 3 5 5 5 5 5 5 5 7.5 7.5 hp 
2 1/2 2 3/8 125 125 5 5 5 5 5 7.5 7.5 7.5 7.5 10 10 10 10 10 hp 
3 2 7/8 180 180 7.5 7.5 7.5 10 10 10 10 15 15 15 15 15 15 15 hp 
3 1/2 3 3/8 245 245 10 10 10 10 15 15 15 15 15 15 15 20 20 20 hp 
4 3 7/8 325 325 10 10 15 15 15 15 15 20 20 20 20 25 25 25 hp 
5 4 7/8 520 520 15 15 20 20 20 20 25 25 25 30 30 30 40 40 hp 
6 5 7/8 750 750 20 20 25 25 25 30 30 40 40 40 50 50 50 60 hp 
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Table 7-2 yields an industry design value for total resistance to pressure of 4.6 psi 
calculated based on piping size, conveying rate, airflow rate, motor power, the given piping 
length of 130 ft and an estimated 50-50 vertical to horizontal split (Figure 7-3) (from 
interpolation, Figure 7-6). A pressure of 3.1 psi (85.3 in. water) was calculated above as the total 
resistance to pressure, which is 24% lower than what Table 7-2 suggests a design should be 
based on. This difference could be due to the three 90 elbows assumed for the values in Table 
7-2 and differences in accessories such as unit fittings which were considered in Table 7-1. 
 
Figure 7-6: Pressure required for given run lengths if the pipeline is 50% vertical and 50% horizontal using 
reference data from Kice (2005) (Table 7-2) 
 
Table 7-2 indicates a conveying rate of 125 lbs/min with an airflow rate of 125 cfm for a 
pipeline diameter of 2.5 inches, which the above analysis yielded.  Given the proposed system 
must be able to handle 167 lb/min (5 t/h) of heat-treated pellets with an airflow rate of 196 cfm 
(Equation 7-26), a 3-inch diameter pipe would be the recommended industry design value for 
that airflow rate and allow for a conveying rate of 180 lbs/min which is 7.8% higher than the 
maximum system capacity (Table 7-2).  One concern with the larger diameter pipeline is a 
























Pressure required for given run lengths if 50% 
vertical and 50% horizontal
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resulting air velocity of 3674 ft/min which is 8% less than the minimum recommended value. 
However, if the solids to air ratio is reduced from 10 to 9, the minimum conveying velocity of 
4000 ft/min can be achieved. Therefore, the 3-inch pipe size was chosen for transportation 
purposes for the proposed design. 
The 3-inch diameter pipe at a run length of 125 ft corresponds to a standard motor power 
of 10 HP (Table 7-2) and 12 HP when sized up 20% for 5000 ft/min.  This is double the 5 HP 
required for a tube size of 2.5 inches.  Both of these power requirements are 2.5-6 times larger 
than the 2.0 HP calculated in the theoretical equation. It is most likely that industry application 
experience has resulted in incorporating a substantial safety factor into their designs so installing 
larger motors is better in the long run because they are likely to be better able to handle 
overloads, abuse, and unforeseen circumstances without failure or plugging. Given the desire for 
higher air velocities to handle moist, hot feed mash and pellets, the motor for the blower of this 
pneumatic conveying system was chosen to be 12 HP. The largest size motor was selected to 
handle the highest throughput scenario of carrying hot, moist pellets at 5 t/h to ensure that the 
system can overcome unforeseen circumstances without failure or plugging given the small 
diameter of the pipe and that the design can easily handle all production situations at the feed 
mill. It is worth noting that every air mover is different (with varying efficiencies) and there are 
many cases to consider which makes it almost impossible to determine power requirements 
accurately (Mills, 2016). Perhaps this is also why manufacturers oversize motors to account for 
inaccuracy in power requirement calculations.  
In order for material to accelerate to conveying velocities, an initial section of straight 
piping is necessary. Good engineering practice dictates that a straight section equal to 25 times 
the pipe diameter is required before the first bend (Bhatia, n.d.). In this case, the product will be 
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conveyed 20 feet horizontally (Figure 7-3).  This allows for a maximum pipe diameter of 9.6 
inches to meet this requirement.  The pipe size of 3 inches selected for this design is well below 




Figure 7-7: Approximate ranges of operation of various types of air mover for pneumatic conveying 
applications (Mills, 2016). 
 
For this system design, a sliding vane or rotary screw air mover would be best suited due 
to their wide range of free air volumetric flow rate and medium to high delivery pressure (Figure 
7-7). Note that the volumetric flow rate specified for the air mover is not the same as the 
volumetric flow rate required to convey the material due to the heat of compression of the air. 
However, the mass flow rate remains the same.  The volumetric flow rate required from the fan, 
blower or compressor depends upon a combination of the velocity required to convey the 
material and the diameter of the pipeline (Mills, 2016). The velocity of air needed at the pickup 
point is used for design purposes.   
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Since air is compressible, the volumetric flow rate of the air will gradually increase from 
the material pick-up point to the material discharge point and the conveying air velocity will also 
gradually increase over the length of the conveying system (Mills, 2016). Air pressure 
significantly impacts the volumetric flow rate of air through the conveying system. Small 
changes in temperature do not have the same effect on volumetric flow rate as changes in 
pressure can have (Mills, 2016). Therefore, only the impact of pressure is considered in this 
analysis.  
The airflow delivery of the blower is important and the associated operating rotational 
speed should be minimized as much as possible to reduce the level of wear and tear on the blades 
and components. The blower selected should not operate near the limits of its performance curve.  
 
Material Discharge 
Typically, product discharges the piping system via filter receivers or cyclone separators. 
Filter receivers are more commonly used for material that contains small particles whereas 
cyclone separators generate a vortex that pushes particles towards the outer cyclone wall where 
they are decelerated and slide towards the discharge.  The air is then exhausted from the top of 
the cyclone through the air discharge port where it is typically filtered by one of several methods 
before discharge or recycling (Bhatia, n.d.).  A cyclone separator was selected for this design 
because it can more gently separate pellets from the conveying air. 
 
Heat and Mass Transfer 
After sizing the system for conveying of pellets, the capacity to dry and cool the pellets 
inside the pneumatic conveyor was evaluated next.  The two constraints for the pellet drying and 
cooling process are: 
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1. The removal of the moisture added by steam in the conditioner must dry the pellets from 
17% to a safe storage moisture content of 13.5% per ISU feed mill requirements. 
2. The cooling of the pellets to within 5-10 °F of the ambient temperature (typically from 
160°F - 200°F (71C - 93 C) to 70°F - 90°F (21C - 32C)) (Shulman, 1959). For this 
design, 186°F (86°C) was selected as the exiting temperature of feed mash from the 
hygenizer or pellet press. 
 
Typically large amounts of natural air are used to cool and dry pellets. Drying of feed is 
necessary when the feed has been steam-conditioned to remove the excess moisture for safe 
storage (Shulman, 1959). Precise control of the cooling and drying process is essential for the 
animal feed industry to optimize energy consumption and ensure pellet quality and feed safety 
(Lambert et al., 2018).  The drying theory for pellets is based on both heat and mass transfer that 
occur simultaneously. The mathematical solution to predict drying is complicated because it is a 
dynamic process given varying ambient air conditions (Shulman, 1959). 
Lack of control over the cooling process may result in over drying of pellets which 
increases shrink loss and decreases pellet durability through the generation of cracks on the pellet 
surface (Lambert et al., 2018). Pellets that are not dried and cooled properly can result in poor 
pellet quality, spoilage, heating and spontaneous combustion, caking during storage, and weight 
loss from excess moisture removal (Maier & Bakker-Arkema, 1992).  
Pneumatic dryers (also known as flash dryers) exist and these dryers utilize a turbulent 
stream of hot air to dry powdered, granular and flaky materials almost instantaneously.  
Pneumatic dryers are characterized by simultaneous momentum, heat and mass transfer 
processes between the dispersed material (feed mash or pellets) and the drying agent (air) (El-
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Behery et al., 2012). These systems consist mainly of a vertically upward section of ducting 
where wet material is fed in at the bottom and conveyed upwards by hot air (Figure 7-8). These 
dryers are preferred for heat sensitive products as the evaporation of moisture from the conveyed 
material rapidly cools the hot air.  Pneumatic dryers have a large surface area for heat and mass 
transfer and high convective heat and mass transfer coefficients from the high airflow rate 
resulting in high drying rates and capacity (Levy & Borde, 2006). In the drying section the 
conveyed material has a relatively short contact time between the hot air and the particulate 
materials (about 0.5–10 seconds). The size of particles typically dried in a pneumatic dryer is 
usually in the range of 10–500 µm (Levy & Borde, 2006). Mashed feed particle size generally 
ranges from 500-700 µm (Ziggers, 2010) with pelleted feed being much larger (6000-11,000 
µm). Because of the particle size limitation and the limited ability for pneumatic dryers to 
transport materials, a pneumatic dryer design was not considered for this application.  Instead, 
the feasibility of a pneumatic conveying system to meet both the drying and cooling capacity 
requirements for heat-treated feed mash and pellets was assessed.  
 




Three types of coolers are used in feed manufacturing: vertical, horizontal, and 
counterflow (Figure 7-9). Vertical and counterflow coolers are typically used when floor space is 
limited and horizontal coolers are used when height is limited (Fairfield et al., 2005). The 
cooling time is dependent upon several factors such as pellet diameter, bulk density, and airflow 
rate, and generally is in the range of several minutes (typically 6-20 minutes).   
These coolers have a drying zone followed by a cooling zone (Figure 7-9). However, it 
should be noted that the drying effect is a result of evaporative cooling caused by ambient air 
cooling the hot, moist pellets along the wet bulb temperature. This process reduces moisture 
content by a limited amount (typically by the same amount added by conditioning, i.e., 2-3 
percentage points). If more moisture needs to be removed, then air has to be heated and delivered 
into the targeted zone of the dryer/cooler. In terms of the pneumatic conveying system design, 
the drying operation and associated airflow requirement has to be similarly separated from the 
cooling operation and its airflow requirement.  The high air temperature necessary for drying of 
the pellets is much too high to cool the pellets to near ambient temperature.  Therefore, after the 
pellets are dried with hot air, ambient air will be used to cool them. This can be done by utilizing 
an airlock to separate the cooling and drying operations and introducing two different air 




Figure 7-9: Vertical, horizontal, and counterflow coolers typically used for evaporative cooling of feed pellets 
(left to right) (Fairchild, n.d.). 
 
Separating of the drying and cooling phases of the pneumatic transfer system will consist 
of a staged system.  The hot, moist pellets will be pumped into the inlet of the first stage and at 
the end of the pipeline the pellets will be transferred to a cyclone separator where the hot, wet air 
will be exhausted and the pellet velocity will be slowed down. The dried, hot product will then 
be fed into the second segment of the pipeline from the cyclone into a rotary airlock where the 
pellets will be cooled with ambient air.  The combination of two separate conveying legs is 
perfectly possible to do for pneumatic conveying but is rarely ever done (Mills, 2016). Staged 
systems are most commonly used to feed a vacuum system into a positive pressure system 
(Figure 7-10).  In this case, the stages will both be positive-pressure. In this design, the logical 
point to separate the cooling and drying leg is at the top of the vertical pipeline.  At this point the 
pellets will have traveled 70% of their total distance. It would be challenging to make the cooling 
and drying operations the same length because of the 70’ vertical pipeline in the middle of the 
conveyer.  This would result in a 90 foot long drying section followed by a 40 foot long cooling 
section. The length of the two sections can be modified to meet drying and cooling requirements 




Figure 7-10: Sketch of shared negative and positive pressure system (Mills, 2016). 
 
Lambert et al. (2018) studied the characterization and modeling of drying and cooling of 
pellets for animal feed and found that obtaining reliable drying–cooling kinetics was difficult. 
Hence, the researchers focused on a drying-only model and then attempted to validate this model 
using deep-bed drying–cooling kinetics. The work suggests that one simple equilibrium moisture 
content equation, without temperature dependency, may correctly fit the behavior of several 
kinds of pellets and be sufficient for accurate simulation predictions (Lambert et al., 2018).   
 
Drying 
When pelleted mash feed has been conditioned, drying of the pellets is necessary to 
remove the excess moisture for safe storage. Typically, feed exits the conditioner around 17% 
moisture (Bortone et al., 1987) and must be dried to a moisture content under 14% (according to 
EU regulations), however the specifications for ISU’s feed mill call for a final dried product 
moisture content of 13.5%. Relative humidity of the air and pellet diameter are the two major 
factors affecting pellet drying. 
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In the case of this pneumatic design, the speed at which pellets are transported through 
the entire system is difficult to determine however the velocity of the pellets will be lower than 
the conveying air (5000 ft/min or 25.4 m/s). In general, particle velocity is rarely measured due 
to the difficult and complex process required and only the velocity of the air is ever referred to in 
pneumatic conveying (Mills, 2016). A slip ratio can be used to express the velocity of particles 
divided by the velocity of the conveying air.  A slip ratio of 0.8 is typically used for horizontal 
pipeline and a ratio of 0.7 is typically used for vertical pipeline. However, these values can vary 
over an extremely large range and are dependent upon particle shape, size and density (Mills, 
2016).  
In this design, the pellet must travel 130 feet (40 meters) with an air velocity of 5000 
ft/min (25.4 m/s).  Assuming a slip ratio of 0.75 (average of the 0.8 and 0.7 slip ratio suggestion), 
the pellet will travel through the system for approximately 2.1 seconds at a velocity of 62.5 ft/sec 
(19 m/s).  This results in a relatively short period of time for heat and mass transfer to occur 
during transport. Halstensen et al. (2014) studied monitoring fish feed pellet velocity in a 
pneumatic conveying system and found that pellet velocity ranged from 19 to 36 m/s (62.5 – 118 
ft/sec).  The value calculated for the pellet speed in this pneumatic conveying design (19 m/s) is 
at the low end of this range confirming that pellets do indeed travel very fast within a pneumatic 
conveying system resulting in a very short conveying residence time. Given that the drying and 
cooling phases will be split into two stages, drying and cooling will take place in approximately 
1 second each.   
Aarseth et al. (2006) studied the reliable pneumatic conveying of fish feed and found that 
impact fracture was not seen at a particle velocity of 15 m/s, but fracture was triggered when 
particle velocity increased to 20 m/s, and destructive fracture was observed at 30 m/s.  This 
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suggests that for this system design at a particle velocity of 19 m/s, the pellets will be somewhere 
in the range of little to no fracture but well below the velocity for destructive fracture.  The study 
also found that only 0.7% of feed was lost presumably in the exhaust air when transported at the 
highest air velocity tested (27 m/s).  
Factors that affect drying rate of pellets include initial pellet temperature and moisture 
content, temperature and relative humidity of the heated air used to dry the pellet, solids loading 
ratio, airflow rate, and pellet diameter (Shulman, 1959). According to Shulman (1959), the 
primary factors that determine the final moisture content the pellets will be dried to is the heated 
air temperature and related relative humidity. An increase in the temperature or airflow rate 
increase the drying rate in the system (Shulman, 1959).  
The relative humidity of the conveying air has a direct impact on the quantity of air 
required.  When the relative humidity of the air is high (such as 90-95%), pellets cannot be dried 
properly (Shulman, 1959). When air passes through the pellets, heat and mass transfer occurs as 
the pellets and air aim to come into equilibrium which they will not during the short residence 
time. When heated to a typical drying air temperature, its relative humidity decreases to less than 
15%.  This increases the moisture carrying capacity of the air.  As moisture evaporates from the 
pellets into the air, the air increases in absolute humidity towards saturation along the wet bulb 
temperature.  Heated air is more effective for drying of pellets than evaporative cooling which 
has a limited energy for heat and moisture exchange with the pellets (Shulman, 1959). However, 
after drying with hot air, pellets must be cooled to within a few degrees of ambient temperature.   
The potential moisture transfer that can occur between the air and the pellets is a result of 
the difference between the dynamic equilibrium moisture content and the initial pellet moisture 
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content (Shulman, 1959). Within the pellet itself, the conveying air velocity has a direct impact 
on the moisture migration out of the pellet which is rate-limited (Shulman, 1959).  
Compression of air is adiabatic if it is carried out quickly with a positive displacement 
blower with negligible heat transfer to the surroundings. In adiabatic compression the 
temperature of the air will rise, and because of the ability of warmer air to carry more moisture, 
the air is very dry and it is unlikely that any condensation will take place during the compression 
process (Mills, 2016).   
Psychometrics dictate the amount of moisture heated air can potentially remove as a 
function of temperature.  The greater the actual amount of moisture drying air will remove from 
hot, moist pellets, the more efficient the drying process. Generally, reaching 100% saturation is 
not reasonable to expect in a drying process. A reasonable estimate is 80-90%. Air can be heated 
using a steam heating coil or a gas flame burner before entering the pneumatic system at under 





Figure 7-11: Psychometric chart showing the moisture carrying capacity of air heated from 60 °F and 35% 
ambient conditions to 210 F and 0.63% RH and during the drying process to 90% saturation along the wet 
bulb temperature, or 216 grains humidity ratio (0.0054  to 0.0308 lb water per lb of dry air) 
 
 
Table 7-3: Psychometric properties for the drying air in and out of the drying stage of the proposed 
pneumatic conveying system. 
Parameters Air in Air out 
Pressure, psia (bar) 19.2 (1.3) 14.7 (1) 
Dry Bulb Temperature, F (°C) 210 (98.9) 93.0 (33.9) 
Relative Humidity, % 0.63 90 
Humidity Ratio, lb water/lb 
dry air (grains) 
0.0054 (37.77) 0.0308(215.6) 
Enthalpy, BTU/lb dry air 
(kJ/kg dry air) 
56 (130) 56 (130) 
Specific Volume, ft3/lb dry air 
(m3/kg dry air) 








Table 7-3, the psychometric properties of the air entering the pneumatic conveyor were 
calculated from heating ambient air at 60°F and 50% relative humidity to 210°F and compressing 
it to 19.2.  Air exiting the conveyor was assumed to be saturated at 90% relative humidity. 
Using high temperature air that will not damage the pellets increases the drying capacity 
of the system and reduces energy consumption. A temperature of 210°F was selected as the 
initial drying air temperature because this is the typical recommend temperature for high-
temperature drying of grain (Hellevang, 2009).  
Table 7-3 contains values that are determined from the psychometric chart (Figure 7-11). 
Dry air at 210°F has the capacity to hold 0.0254 lb water/lb of air if the air exits the pneumatic 
system at saturation.  In this case, 5000 ft/min of air is used to transport the pellets in a 3-inch 
pipe which corresponds to 245 ft3/min and results in 19.0 lbs of dry air per minute through the 
pneumatic conveying system.  This translates to a maximum value of 0.6 lbs of water to be 
































× (0.0308 − 0.0054
𝑙𝑏 𝑤𝑎𝑡𝑒𝑟
𝑙𝑏 𝑑𝑟𝑦 𝑎𝑖𝑟






At a product flow rate of 167 lbs/min (5 t/h), assuming an initial moisture content of 17% 
and a desired final moisture of 13.5%, this results in 5.8 lbs of water evaporated per minute 
(Equation (7-31) which is well above the capacity of the air which can absorb a maximum of 0.5 
lbs of water per minute. This indicates that the solids loading ratio is much too high to dry the 
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pellets to the desired moisture content for conveying with heated air at 210F.  To increase the 
drying capacity of the pneumatic system, the water holding capacity of the air can be increased 
by increasing the air temperature or the solids loading ratio can be lowered. In this case, the 
solids loading ratio was lowered due to concerns that higher temperature air could damage the 








To achieve the desired evaporation capacity of 5.8 lbs of water per minute with 
conveying air heated to 210F, an air flow rate of 203.5 lb dry air/minute (3480 cfm, 98.5 
m3/min) would be needed to carry that amount of moisture in the air. This increased airflow rate 
would require a piping diameter of 11.3 inches to limit air velocity to 260 ft/min with a solids 
loading ratio of 10. A solids loading ratio of 0.7 would be required to achieve the desired air 
velocity of 5,000 ft/min. Pipes do not come in an 11.3-inch diameter, so a more common 12 inch 
pipe size could be selected which results in a solids loading ratio of 0.5. This larger pipe size 
with the same product flow rate will result in a pneumatic system with a much larger airflow rate 
to product flow rate ratio to accommodate a higher drying capacity of the system. The blower 
power requirement for conveying material in a 12-inch pipe was analyzed later on in this chapter. 
Another alternative to using a 12-inch pipe which has a much larger energy requirement 
is to use multiple smaller pipes.  Instead of feeding all 5 t/h into one large pipe, five smaller 
pipes could be installed that each transfer 1 t/h.  Therefore, the capacity of the conveying system 
stays the same while the pipe diameter decreases and multiple smaller blower motors can be 
utilized to reduce overall cost. Another advantage is the flexibility to utilize fewer pipes when 
feed production capacity is lower. In each of the five pipes, 1.17 lbs of water per minute must be 
evaporated from the product to reduce the moisture content from 17% to 13.5%. A 5-inch tube 
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would be needed to convey enough air to achieve a sufficient water carrying capacity to dry the 
pellets.  An airflow rate of 682 cfm (53 lb air/min) would be needed in a 5-inch tube to achieve a 
5,000 ft/min air velocity and result in a solids loading ratio of 0.5. In a 5-inch pipe, the humidity 
ratio needs to be at least 0.0221 lbw /lba (Equation 7-32) to evaporate enough water to reduce the 
pellet moisture from 17 to 13.5%. Assuming the conveying air can reach 90% humidity, the air 
has the capacity to carry 0.0254 lbw /lba (Equation 7-33) which is 15% larger than the necessary 
amount of water. This results in 81% RH of the conveying air exhausting from the drying phase 
and an estimated temperature of 95.6°F of the dried pellets exiting from the drying stage. Later in 
this chapter the 5-inch pipe power requirements was compared to the power requirements for a 





















 As pellet diameter and/or pellet density increase, the amount of airflow or exposure time 
to drying conditions will need to increase to allow moisture to migrate from within a pellet to its 
surface and evaporate into the drying air. The rate of moisture loss from a cylindrical feed pellets 
can be described by a diffusion-type dehydration equation assuming axisymmetric moisture 
diffusion (Shulman, 1959). Drying initially occurs during the constant rate drying period when 
the solid contains enough moisture that the water is transferred from the interior of the solid to 
the surface at the same rate the water can be evaporated at.  The constant rate period is affected 
by the external conditions of air velocity, humidity, and temperature as well as by the area of the 
drying surface (Shulman, 1959). The falling rate period occurs after the constant rate period 
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when the solid can no longer supply water to the surface fast enough to keep up with the rate of 
evaporation. This results in a decreased drying rate.   
Pellets at 17% moisture will be in the falling rate period and have a decreased drying rate 
based on the rate of moisture diffusion through the pellet. Complex equations are available to 
represent high temperature drying, but computer simulations are needed to solve them. Bern et 
al. (2014) developed a way to estimate the performance of high temperature drying without 
complicated calculations assuming a constant rate drying period. Energy is required to evaporate 
water and the latent heat of vaporization defines this amount of energy required to evaporate free 
water. The latent heat of vaporization of water in grain at temperatures over 160°F can be 
estimated at 2,200 BTU/lb (5117 kJ/kg) of water (Bern et al., 2014). First the drying rate must be 
calculated to size the system. The amount of water to be removed from the pellets is 5.8 lbs of 
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To calculate the amount of BTU’s, the following equation can be used: 
 𝐸ℎ = (𝑄𝑚) × (∆ℎ) = (
(𝑄) × (60)
𝑉
) × (∆ℎ) 
(7-35) 
Where: Eh = heating energy, BTU/hr 
𝑄𝑚 = mass airflow rate, lbs dry air/hr 
∆h = change in enthalpy, BTU/lb dry air 
Q = airflow rate, ft3/min or cfm 
V = specific volume, ft3/lb dry air 




























The specific volume of air was selected as an average October condition in central Iowa.  
The airflow rate was determined for a 5-inch pipe and then multiplied by 5 to represent all five 1 
t/h drying legs. The enthalpy of air needed is 48.8 BTU per lb of dry air. The enthalpy of air at 
210°F which is to be supplied to the pneumatic system is 50.4 BTU per lb of dry air so the 
system design should theoretically have enough energy to evaporate the water and enough 
carrying capacity to hold it. During the drying process, the dry bulb temperature of the drying air 
will decrease from 210°F (99°C) to 95.6°F (35.3°C) (Table 7-3) while the pellet temperature will 
increase as a result of losing moisture towards the temperature of the drying air. 
 




Figure 7-12 shows the relationship between equilibrium relative humidity of the air, 
equilibrium moisture content of corn and the temperature of the grain at these conditions. Since 
corn is a main ingredient in animal feed, Figure 7-12 was used to approximate the temperature of 
the feed exiting the drying segment of the pneumatic conveyor.  With an equilibrium moisture 
content of 13.5% and an equilibrium relative humidity of 81%, the temperature of the grain 
exiting the drying section will be assumed to be 145°F (63°C).  
 
Cooling 
Pellets dried with hot air must be cooled to within 5°C of ambient temperature with 
natural air for safe storage in bags, totes or bulk. During high humidity periods, some moisture 
can be regained during the evaporative cooling process. This is dependent on the difference 
between the hot, dry pellet equilibrium moisture vapor pressure and the cooling air vapor 
pressure. In general, the moisture content of the pellet cannot be changed too much because 
generally the vapor pressure of the colder air is lower than that of the hotter pellets (Shulman, 
1959). 
The cooling of pellets occurs as a result of both evaporative and convective cooling.  
Evaporative cooling is the cooling effect of drying by the transfer of water in the pellet to the 
conveying air. Evaporation of water from the drying effect of the air can have a very significant 
cooling effect, because of the high enthalpy of evaporation, hfg (over 2400 kJ/kg for water) 
(Mills, 2016). A higher airflow rate results in faster cooling. In traditional coolers, airflow rates 
vary from 800-1200 cfm per ton of feed per hour depending on pellet diameter (Biagi, 1989). In 
this analysis, the airflow rate is in the order of 3400 cfm per ton of feed per hour.  
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The rate of energy transfer by convective cooling between the conveyed material and the 
air is usually expressed as a function of the temperature difference between the air and the 
particle surface (Levy & Borde, 2006). Heat transfer occurs between the conveyed material and 
the air during pneumatic transport and depends upon the thermal conductivity, shape and size of 
the particles being conveyed.  The suspension of material and air will only reach the equilibrium 
temperature at the end of the pipeline with many materials as it takes time for thermal transient 
effects to occur (Mills, 2016). With the high velocities used in dilute-phase conveying, the 
equilibrium temperature is generally not fully established at the end of the pipeline. 
Ultimately, the solids loading ratio has a dominating effect on the equilibrium 
temperature of the suspension.  The solids loading ratio (also referred to as phase density) is the 
ratio of the mass flow rate of the conveyed material to the mass flow rate of air used to convey 
the material.   For dilute-phase conveying, the maximum solids loading ratio that can be 
achieved is typically about 15. There is not much agreement among researchers on the proper 
solids loading ratio for grain.  Bern (1996) recommended a solids loading ratio of 10 for 
preliminary designs of feed systems as was used in the above sizing analysis.   
Ultimately, the only instances in which the temperature of the conveyed material changes 
much is when the material has a very low specific heat value (<1 kJ/kg-K) or is conveyed in a 
very dilute phase (low solids loading ratio) (Mills, 2016). Animal feed has an average specific 
heat of 2 kJ/kg-K which is not low in this context.  Therefore, there must be a low solids loading 
ratio to achieve substantial temperature changes. If cold air is used to convey a hot material, the 
cooling effect of the cold air on the material will be minimal. The heat transfer process 
additionally depends upon the thermal conductivity of the feed mash and the shape and size of 
the particles. Figure 7-13 from Mills (2016) depicts the influence of solids loading ratio on the 
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equilibrium temperature of the suspension and highlights the influence of the solids loading ratio.  
This graph was drawn for a material with a specific heat of 1 kJ/kg-K whereas animal feed has 
an average specific heat of 2 kJ/kg-K which would result in equilibrium temperature being 
reached more quickly than the rate shown in Figure 7-13. At a solids loading ratio of 10, as was 
used in the pipe sizing calculations, the suspension temperature does not change much relative to 
the product inlet temperature. Therefore, a lower solids loading ratio is necessary to cool hot, dry 
pellets in a pneumatic conveying system.  
 
 
Figure 7-13: Influence of solids loading ratio on reaching the equilibrium temperature of suspended material 












Where: =solids loading ratio 
𝐶𝑃= product specific heat (kJ/kg-C) 
𝐶𝑎= air specific heat (kJ/kg-C) 
𝑡𝑃= initial product temperature (C) 
𝑡𝑎= inlet air temperature (C) 
In this case, the solids loading ratio was selected to be 10 as per the suggestion of Bern 
(1996) for preliminary pneumatic conveying designs. The specific heat of the conveyed feed was 
selected to be 2 kJ/kg-C (0.45 BTU/lb-F) as this is the average specific heat of feed ingredients 
(Bortone et al., 1987). The specific heat of air is 1 kJ/kg-C (0.24 BTU/lb-F). The initial product 
temperature was selected to be 63C (145F) as this is the equilibrium temperature of the product 
with 90% saturated air exiting the drying section of the pneumatic system. The inlet air 
temperature was selected to be 15C (60F) which is a common ambient air temperature but can 

















𝑡𝑠 = 61 𝐶 
(7-38) 
If the pellets are in the pneumatic conveying system long enough to reach equilibrium 
temperature with the ambient conveying air, neglecting the effect of evaporative cooling, the 
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equilibrium temperature will be 61°C (Equation (7-38) with a solids loading ratio of 10.  This is 
much too hot, as the pellets are supposed to be exiting within 5-10°C of ambient temperature 
which would be 26-31°C.  The temperature decrease due to evaporative cooling can be 
calculated which will result in a cooler product temperature. The psychometric properties of the 
conveying air are displayed in Table 7-4 assuming that air enters the cooling section at 60°F and 
50% RH and exits at 90% RH.  
Table 7-4: Psychometric properties for the drying air in and out of the cooling stage of the proposed 
pneumatic conveying system. 
Parameters Air in Air out 
Pressure, psia (bar) 18.3 (1.3) 14.7 (1) 
Dry Bulb Temperature, F (°C) 60 (15.6) 49.5 (9.7) 
Relative Humidity, % 50 90 
Humidity Ratio, lb water/lb 
dry air (grains) 
0.0044 (30.85) 0.0067(47.24) 
Enthalpy, BTU/lb dry air 
(kJ/kg dry air) 
19.19 (44.6) 19.19 (44.6) 
Specific Volume, ft3/lb dry air 
(m3/kg dry air) 
10.59 (0.7) 12.97 (0.8) 
 
Using the latent heat of vaporization approach in the previous drying section and 
assuming a pipe diameter of 5 inches, the percentage decrease in moisture content and resulting 
temperature decrease of the feed can be calculated as follows: 
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𝑻𝒇 = 𝟏𝟐𝟒. 𝟓°𝑭 (𝟓𝟏. 𝟒°𝑪 ) 
(7-44) 
 
The evaporative cooling that occurs during cooling results in a 0.4% decrease in moisture 
content.  This will decrease the amount of moisture that will need to be removed during the 
drying section of the pneumatic system.  However, since the product has a short residence time 
in both the drying and cooling segments, and drying rate depends on many factors including 
airflow rate, pellet size, density, and quality, the drying section design was kept as previously 
designed to ensure the system can meet the drying requirements for different types of feed and 
conveying velocities.  
Adjusting the feed temperature to be 51.4°C, to reach an equilibrium temperature of 
20°C, a maximum solids loading ratio of 0.07 must be used as determined by back calculating 

















 = 0.08 
(7-45) 
In the overall design of the system, the parameters that can be altered is conveying air 
temperature and relative humidity for the drying stage, and pipe diameter which alters the solids 
loading ratio.  A solids loading ratio of 0.08 justifies five 12-inch pipes or one 30-inch pipe.  In 
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this design the five 12-inch pipes are proposed to continue the five separated lines through the 
cooling stage to increase consistency of the conveying process and to promote greater cooling. A 
solids loading ratio of 0.5 was determined for each drying pipeline but is not sufficient to cool 
the pellets.  The solids loading ratio required for the cooling of the pellets is significantly 
influenced by the temperature of the ambient air. For example, if the solids loading ratio of 0.5 
used in the drying section was continued into the cooling section, an ambient air temperature of 
41.4°C will be needed to cool the pellets to within 5 degrees of ambient temperature (46.4°C). If 
the solids loading ratio of 0.5 is used to cool the pellets to within 10 degrees of ambient 
temperature, ambient air will need to be at 31.4°C to cool the pellets to 36.4°C. 
 















𝑇 = 41.4°𝐶 
(7-46) 
Some feed manufacturers specified that feed can be cooled within 5-10 degrees of 
ambient temperature (Shulman, 1959). In this case, assuming the conditions used in Equation 
(7-45), the cooling requirements could be met with an increased solids loading ratio of 0.2 
(Equation 7-47). This would require five 10-inch pipes to achieve an airflow rate of 5000 ft/min 

















 = 0.2 
(7-47) 
Small changes in cooling requirements and ambient conditions can vary the required pipe 
diameter and corresponding solids loading ratio significantly. The power requirement for a 12-
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inch pipe would be much greater than for a 5-inch pipe. However, it is better to oversize the 
system so that it can handle overloading and misuse and still cool the feed sufficiently when 
ambient conditions are warm. Therefore, the diameter of the cooling pipelines will increase to 12 
inches for this design to achieve the solids loading ratio of 0.08 required for cooling to within 5 
degrees of ambient conditions (60°F, 50% RH).   
The drying phase was sized to dry the pellets from 17% to the final 13.5% moisture 
content, however drying will continue to occur in the cooling section of the pneumatic system. 
The amount of drying that will occur due to the effects of evaporated cooling are calculated to be 
a 2.5% moisture content decrease (Equation 7-51) and a 66 degrees temperature decrease 
(Equation 7-53) resulting in a final product temperature of 79°F. When coupling this with the 
suspension temperature, the final temperature is reduced to 62°F which is 2 degrees within 
ambient temperature.  Taking advantage of the effects of evaporative cooling and to reduce the 
size of the cooling segment piping by increasing the solids loading ratio, the moisture carrying 
capacity of the air must be increased. This can be done by conveying the feed with air at a lower 
relative humidity than 50%.  
The size of the drying phase can be reduced due to the evaporation that occurs during the 
cooling section of the conveying system. The drying section of the conveying system requires 
much smaller pipes and less energy than the cooling section of the system. As the product dries, 
the rate of moisture evaporation decreases so more time is needed to achieve the desired 
moisture reduction effects. The conveying time needed to achieve a 3.5% moisture content 
reduction in the drying phase is unknown and the size of the drying segment is smaller than the 
cooling segment, therefore the initial design of five 5-inch pipes was kept as previously designed 
to ensure that the system can achieve the desired level of drying. 
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∆𝑻 = 𝟔𝟓. 𝟖° 
(7-53) 
 
The cooling phase will need to maintain an airflow rate that will result in a minimum 
conveying velocity of 5000 ft/min to move the pellets through the conveying line. Different sizes 
and densities of pellets have different terminal velocities and air velocities. The blower will be 
equipped with a variable frequency drive (VFD) motor to provide more operational control over 
the system so the airflow rate can easily be adjusted for requirements of different conveying 
materials When possible, the airflow rate should be reduced to the minimum conveying velocity 
to minimize damage to the pellets. This system will be designed to handle the largest airflow 
requirements for pellets so that it can convey any feed produced at the mill. 
This design is based on utilizing ambient air for cooling of pellets or mash in the 
pneumatic conveying systems because it does not have to be dry to cool them. Research has 
found that pellets can be cooled with ambient air that at high relative humidity (90-95%). When 
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high humidity air passes over hot pellets, air temperature increases and relative humidity 
decreases in accordance with the psychrometric properties of air. Thus, the capacity of cooling 
air to pick up moisture increases and the evaporative cooling effect carries moisture away from 
the pellets while removing heat (Stroup, 1959). The design is based on pellets entering the 
cooling stage after transferring from the drying stage of the pneumatic conveying system at a 
temperature of 145°F (63°C) and moisture content of 13.5%. The actual temperature and 
moisture content when the system operates will vary by product and depends on factors such as 
the size and specific heat of the pellets, and the drying temperature and time in the drying stage.  
Nevertheless, the cooling capacity of this design is sufficient because the solids loading ratio is 
lower than required for the cooling phase, and can be adjusted by varying the airflow rate.  
Therefore, the desired amount of cooling (and reduction of moisture to the safe storage moisture 
content) can occur within a reasonable range of typical operating conditions anticipated for the 
ISU feed mill. 
In the winter time, the ambient air in Iowa is around 30°F (-1°C). With a pipe size of 12-
inches and a solids loading ratio of 0.08, the final temperature of the feed will be 43.2°F (6.2°C) 
if the outdoor air is used to convey the feed. If air inside the mill is used to convey the feed at 
72°F (22°C), the final temperature of the feed will be 79°F (26°C). If the feed is to be stored 
inside the mill, ambient air should be used to cool and convey the feed. If the feed is to be stored 
outside, then the cool ambient air from outside should be used to cool and convey the feed. 
 
Power Requirements 
After the system was designed and key parameters were evaluated, the power required 
and the approximate cost of owning and operating the system were determined next. Consulting 
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manufacturers’ literature is necessary for an accurate estimation of the electric power needed as 
there are many different machines that can be utilized (Mills, 2016).  
The 12-inch pipe size required to convey the material in one pipeline requires a higher 
airflow and increased energy capacity of 25 HP per the calculations based on Bern (1996).  
Table 6-2 only provides reference horsepower requirements for pipes up to 6 inches in diameter.  
For a 6-inch pipe, the recommended horsepower requirement is 25 HP which is the same as 
calculated from Bern (1996) but for a 12-inch pipe.  Previously, it was determined that in 
practice the 25 HP power requirement is unlikely sufficient. In the example of the 3-inch pipe 
designed for transportation purposes only, the recommendation for motor power from Table 6-2 
 was six times the size of the motor power based on the Bern (1996) calculations.  In order to 
make a quick and approximate assessment of power requirements, a comparison of different 
variables can be applied to a simple model based on isothermal compression per the equation 
below (Mills, 2016).    
 𝑃 = 2𝑚𝑎̇ 𝑅𝑇𝑙𝑛 (
𝑝1
𝑝2
)  𝑘𝑊 
(7-54) 
Where: 𝑚𝑎̇ = air mass flow rate (kg/s) 
R= characteristic gas constant (kJ/kg-K) 
T= absolute temperature (K) 
𝑝1=air inlet pressure to pipeline (bars abs) 
𝑝2=air outlet pressure from pipeline (bars abs) 
P=power required (kW) 
First, the equation was evaluated at ambient pressure to compare to the power 
requirements suggested in Table 7-2. The air mass flow rate can be calculated using 5-inch 
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diameter pipe at an air velocity of 5000 ft/min and a specific volume of 17.1 ft3/lb (specific 






















The temperature of the incoming air is 372 K (210°F). The pressure exiting the positive-
pressure conveying system is atmospheric (1.01 bar abs). The pressure at the beginning of the 
conveying system is 1.36 bar abs (19.7 psia) as determined from Table 7-2 for the pressure 
required assuming 125 ft system length and adding 20% for 5000 ft/min air velocity. 
 
𝑃 = 2 𝑥 0.3 
𝑘𝑔
𝑠𝑒𝑐
 𝑥 0.287 
𝑘𝐽
𝑘𝑔 − 𝐾
 𝑥 372 𝐾 𝑥 ln (
1.36 𝑏𝑎𝑟
1.01 𝑏𝑎𝑟
) = 20.0 𝑘𝑊  
= 𝟐𝟔. 𝟖 𝑯𝑷 
(7-56) 
The calculated 26.8 HP requirement is very close to the approximate value from Table 
7-2 of 24 HP for 5-inch pipe at 5000 ft/min air velocity.  Therefore, this equation can be applied 
to the 5-inch pipe and the larger 12 inch pipe at the operating pressure of 19.4 psia.(1.34 bar) as 
calculated from Figure 7-6 assuming a 90 ft conveying length for the drying section and sizing 
up 20% for an air velocity of 5000 ft/min 






















 𝑃 = 2 𝑥 0.4 
𝑘𝑔
𝑠𝑒𝑐
 𝑥 0.287 
𝑘𝐽
𝑘𝑔 − 𝐾
 𝑥 372 𝐾 𝑥 ln (
1.34 𝑏𝑎𝑟
1.01 𝑏𝑎𝑟




= 𝟑𝟐. 𝟑 𝑯𝑷 























𝑃 = 2 𝑥 2.3 
𝑘𝑔
𝑠𝑒𝑐
 𝑥 0.287 
𝑘𝐽
𝑘𝑔 − 𝐾
 𝑥 372 𝐾 𝑥 ln (
1.34 𝑏𝑎𝑟
1.01 𝑏𝑎𝑟
) = 139 𝑘𝑊  
= 𝟏𝟖𝟔 𝑯𝑷 
(7-60) 
 
The power requirement for the 12” diameter pipe is 186 HP which is much larger than the 
power requirement of 25 HP calculated from Bern (1996). The power requirement of 186 HP is 
assumed to be a more realistic estimate for power requirement which also matches well with the 
industry recommendation found in Table 7-2. Taking into account standard motor sizes, a 200 
HP motor would be required to meet the power requirements for the 12-inch pipe. Such a large 
motor costs over ten times more than a 40 HP motor which is the closest standard size for the 
32.3 HP required for the 1 t/h line.  Therefore, it is more cost effective to size five 5-inch pipes to 
convey 1 t/h each instead of one 12-inch pipe and dry the hot, moist pellets in five lines up to the 
total 5 t/h ISU feed mill capacity.  
12-inch pipe for air at 18.3 psia, 60°F and 50% RH: 
The cooling section of the pipe has been designed for five 12-inch pipes for a length of 
40 feet. The operating pressure as determined by Figure 7-6 is 18.3 psia (1.26 bar). The specific 
volume of air at 60°F, 50% RH and a pressure of 18.3 psia is 10.6 ft3/lb. The power requirements 

























𝑃 = 2 𝑥 2.8 
𝑘𝑔
𝑠𝑒𝑐
 𝑥 0.287 
𝑘𝐽
𝑘𝑔 − 𝐾




= 102.7 𝑘𝑊  
= 𝟏𝟑𝟖 𝑯𝑷 
(7-62) 
The power required for one 12-inch pipe used for the cooling segment is 138 HP. The 
closest commercial size motor is 150 HP which will be selected for this design. A large amount 
of power is required for the cooling section of the conveyor and would be quite costly to 
purchase five 150 HP motors. However, it is unrealistic to split the conveying lines up to be 
smaller than 1 t/h, so the design and power requirements will remain as calculated for the 
analysis of the system. 
There are additional benefits to utilizing five 1 t/h lines which include the reduced inrush 
current for starting an electric motor.  When a motor is initially energized, it draws excessive 
current to overcome the high resistance encountered when starting a motor from idle.  The motor 
inrush current is much higher for larger motors.  The cost of electricity for an industrial facility is 
impacted by the “peak demand charge” which is usually an average of the power requirements 
during a 15-minute window of time when the power usage is the highest during peak hours.  
Since motor start-ups cause a spike in power, this will increase the peak demand charge much 
beyond normal.  In the case of using five 1 t/h lines for the drying stage, a 40 HP motor requires 
much less inrush current for startup and five can be staggered to never exceed the peak power 
demand for one of them. The five 1 t/h lines also allow flexibility in the transport of processed 
feed.  If the pellet line is not running at the maximum 5 t/h capacity, the number of pneumatic 
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transport lines can be reduced to handle the production rate which will reduce the overall 
operating cost.  Thus, having five 1 t/h pneumatic lines for the drying and cooling of heat-treated 
feed mash or pellets reduces the operating costs and increases the flexibility of the proposed 
pneumatic conveying system.  
Drying Section Summary: 
Element Parameter Value 
Pipe 90 feet, five 5-inch pipes, each with 1 t/h 
capacity 
Motor Five 40 HP motors 
Inlet air conditions 210°F, 0.63% RH, 19.2 psia 
Outlet air conditions 93°F, 90% RH, 14.7 psia 
Inlet feed conditions 185°F, 17% moisture 
Outlet feed conditions 145°F, 13.5% moisture 
 
Cooling Section Summary: 
Element Parameter Value 
Pipe 40 feet, five 10-inch pipes, each with 1 t/h 
capacity 
Motor Five 150 HP motors 
Inlet air conditions 60°F, 50% RH, 18.3 psia 
Outlet air conditions 49.5°F, 90% RH, 14.7 psia 
Inlet feed conditions 145°F, 13.5% moisture 
Outlet feed conditions 68°F 
 
Techno-Economic Analysis 
When designing a new facility, generally the most technically feasible and economically 
affordable system is required that will convey material satisfactorily and with as few operational 
problems as possible (Mills, 2016). In recent years, there has been an increasing emphasis on 
electric power consumption with more consideration given to reducing power. A European 
Union study has shown that 15% of worldwide energy consumption is used to produce 
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compressed air (Mills, 2016). Therefore, it is important to take into consideration the amount of 
energy consumed in feed manufacturing and consider all options related to fuel energy use by 
boilers and heaters, and electric energy use by motors carefully. 
Well-designed modern drying equipment with high thermal efficiencies is becoming 
increasingly important because drying is an extremely energy-intensive process that has 
important implications. The energy needed for drying is typically obtained by combustion of 
fossil fuels, leading to emission of carbon dioxide (Levy & Borde, 2006). Fortunately, in a feed 
mill heating of air can also be achieved with the steam coils.   
Techno-economic analysis is affected by the life-span of equipment.  In pneumatic 
conveying, wear in conveying lines can be significant resulting in a shorter life span.  Wear can 
be minimized by reducing conveying velocities, minimizing pipe length and number of bends, 
and entering the pipe radially. In the case of this system, the conveying velocity is at the lowest 
velocity necessary for conveying pellets and the pipe length is relatively short with only two 
bends needed.  The material enters the pipe radially through the rotary valve which also 
minimizes corrosion in the conveying system. In this case, stainless steel will be used which to 
also minimize corrosion. 
The life cycle of a piece of equipment or system is the planned economic life expectation 
in years as decided by management for overall cost analysis purposes (Crawley & Bell, 1993). A 
life cycle cost is defined as the entire known and anticipated cost of a system analyzed to a single 
value. This cost consists of the capital and operating costs of the system and can be presented as 
a periodic lump sum (monthly or yearly cost) or related to the task ($ per ton). Of all types of 
pneumatic systems, the dilute-phase system is  generally the lowest in capital cost (Crawley & 
Bell, 1993).   
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The operating cost of a pneumatic system can vary significantly from one system to 
another.  If a pneumatic system is designed poorly, the operating cost will increase and may be 
much larger than the capital cost over time.  In fact, the operating costs are most significant to 
the total life cycle costs for pneumatic conveying systems because of the high energy 
requirements. The components of a pneumatic system that contribute to operating cost include 
energy consumption, pipe erosion, maintenance, material loss/damage, and production loss 
through unscheduled downtime (Crawley & Bell, 1993). Air consumption is generally the largest 
energy cost factor because the air mover typically requires a large electric motor.  Crawley and 
Bell (1993) reported that the energy cost of a pneumatic system may be up to five times greater 
than the equivalent mechanical conveying system. Energy utilized by the rotary valve is 
miniscule in comparison to the energy requirement of the air movers, and therefore may be 
disregarded from the life cycle cost analysis.   
Capital cost of the pneumatic system is determined from the summation of costs of 
components and construction. The cost for hardware can be obtained from suppliers and 
manufactures and will include the rotary valve, air mover, piping, cyclone separator, air filter, 
and controls equipment. No guidelines exist for estimating installation and construction costs as 
these differ for every facility constructed (Mills, 2013).   For a life cycle cost analysis, a single 
figure for capital cost is all that is required for a comparative economic study.  
For a conventional system, the capital cost of a 5 t/h counter-flow cooler of $40,000 was 
available from a manufacturer’s 2018 quote. An online resource called Matches has created an 
interactive JavaScript for estimating equipment capital cost based on 2014 prices to assist during 
a project’s early development and budgeting. The actual cost of a piece of equipment depends 
upon many factors but this website serves as a good estimate to base the capital cost comparison 
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off.  A quote from an Iowa contractor in March 2020 estimated the cost of the 165 ft tall bucket 
elevator that is to be installed in the feed mill to be $31,000. This would be the bucket elevator 
that the pneumatic system is replacing.  Matches estimates the cost of a 165 ft bucket elevator to 
be $45,500 (Matches, 2014). The Iowa State feed mill quote is less than typical costs because 
ISU received a substantial gift discount from the equipment suppliers and thus the higher 
Matches estimate was also used for the techno-economic analysis. It therefore is a reasonable 
assumption to use the Matches website for the cost estimate of the pneumatic system since no 
other quotes for this type of conveyor is available for the feed mill and to maintain consistency 
between the cost estimates. The total capital cost of the conventional system consisting of the 
cooler and bucket elevator combined using the quotes for the ISU feed mill is therefore estimated 
at $85,500. 
The Matches website also reports that the capital cost of a pneumatic conveyor with a 5-
inch diameter pipeline and 90 feet long to be $126,700 (Matches, 2014).  Since there will be five 
5-inch pipes in this conveying system, the actual capital cost will be higher than this but not five 
times as large because some system components can be utilized by all five conveying lines.  The 
cost estimate for a 12-inch pipe for a distance of 90 feet, which is the size necessary to have one 
5 t/h conveying line for the drying section, is $205,000. The cost estimate for a 12-inch pipe, 
which is the size necessary for each of the 5 pipelines for the cooling segment for a length of 40 
feet is $151,900. If one pipe was to be used for the cooling section, a 30-inch pipe would be 
necessary. Matches (2014) estimates the cost of this segment to be $251,400. Crawley and Bell 
(1993) estimated the capital cost of a 6-inch pipeline operating with a 75 HP blower and rotary 
valve with an air velocity of 5,000 ft/min to be $45,000 in 1993. This cost is significantly smaller 
than the cost of a pneumatic system as determined by Matches in 2014.  The Matches number for 
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a 12-inch pneumatic pipe 90 feet long and a 30-inch pneumatic pipe 40 feet long will be used for 
the capital cost estimate because it is difficult to determine the cost of the five conveying lines 
together and these are the larger of the two numbers.  This brings the total cost of the pneumatic 
system to $456,400The operating cost for a pneumatic system generally only consists of the cost 
of electric power for the plant but maintenance costs should also be considered when comparing 
systems (Mills, 2013). Operating costs are much easier to estimate than capital costs when the 
power requirements are known, however the maintenance costs will only be approximate. 
Electrical energy at an average feed mill will account for approximately 8% of total 
manufacturing expenses (Henley, 2005). The system designed for this analysis consists of five 
40 HP (30 kW) motors and five 150 HP motors (112 kW). The average industrial electrical 
energy cost in Iowa is 5.71 cents/kWh (U.S. Energy Information Administration, 2019). 
Assuming the ISU feed mill operates six hours a day for five days a week, for 52 weeks a year, 
this results in an annual energy cost of $63,000.  
The energy required to heat the drying air to 210°F can be supplied by an electric heating 
coil which generates 3,400 BTU/kWh, or a steam coil utilizing the available boiler capacity of 
the feed mill. The amount of electrical energy required can be calculated: 






















The cost of electricity to heat the air required for the pneumatic system is $12.89 per hour 
which equates to $20,059 a year given the operating hours of the mill.  If natural gas is used (in 
the case of a burner or a steam coil) instead of electricity, at a cost of $5 per 1000 ft3 the annual 
cost of heating the air will be $5,883 which is substantially lower (-70.7%) than the cost for 
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using electricity.  In the case of using a steam coil, the steam will typically have an enthalpy 
value of 2760 kJ/kg (1187 BTU/lb). To supply the 765,000 BTU/h, 645 lbs/h of steam will be 
needed. This is equivalent to 18.7 boiler horsepower (BHP). The boiler capacity should be taken 
into account when deciding between a burner or steam coil as the boiler might not be large 
enough to meet this demand as well as fulfilling the other steam needs within the facility. Adding 
the cost of air heated with natural gas and the motor requirements, the total cost of operating the 
pneumatic system will be around $61,583 per year. 
Bucket elevators are traditionally used in place of pneumatic conveyors for transporting 
pellets from the cooler to storage.  Bucket elevators generally have low power requirements 
since load is carried in buckets supported by antifriction bearings.  Bucket conveyors are reliable, 
relatively trouble free, and have a long service life, however the unloading and loading 
operations have the potential to damage pellets presumably less so compared to a pneumatic 
conveyor. Power requirements for bucket elevators can be estimated by computing the lifting 
power and accounting for friction losses.   
The theoretical power requirements for a bucket elevator can be calculated using a 









where: P = power required, HP 
Q = conveyor capacity, ft3/h 
BD = material bulk density, lb/ft3 
h = lift height (distance between conveyor shaft centers), ft 
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In this case, the material bulk density of the pellets was estimated to be 37 lbs/ft3 which is 
an average value of pelleted feed bulk density.  The lift height is 70 feet (Figure 7-3) and the 
















= 0.55 𝐻𝑃 (7-66) 
 
The motor on the bucket elevator theoretically needs to supply 0.37 HP to convey the 
material vertically.  The bucket elevator to be installed in the ISU feed mill is sized with 30 HP 
motor. However, the bucket elevator was oversized to be 165 ft tall and handle 3750 ft3/hour of 
feed (more than double the rated capacity of the pellet press). The 30 HP motor selected for the 
feed mill design is much larger than the one sized from the theoretical calculation even if the 
height were increased from 70 to 165 ft (i.e., 1.14 HP) (Equation (7-66). Similarly to sizing the 
motor for the pneumatic system, these theoretical equations significantly underestimate the 
power requirements. Therefore, the designed motor of 30 HP (22.4 kW) was selected for this 
comparison.  Using the same electricity cost (5.71 cents/kWh) and time requirement (six hours a 
day for five days a week for 52 weeks a year), the annual energy cost of the bucket elevator is 
around $2,000.   
The counterflow cooler that is typically used for drying and cooling of pellets uses a 
hydraulic pump/motor to drive the rotary discharge grid. A 5 t/h cooler uses a 3 HP (2.2 kW) 
motor for this operation.  The cooler also uses a blower motor to push air through the pellets.  
For a 5 t/h cooler, a 20 HP (14.9 kW) motor is needed for this operation.  Assuming the same 
cost of electricity and operating hours as before, the annual cost for operating the counterflow 
cooler will be around $1,500. This brings the total energy cost of the conventional system to 
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$3,500 per year. This electric energy cost is over 18 times less than that of the pneumatic system 
which was calculated to be $61,583.   
Maintenance costs are difficult to estimate and are subject to change based on each 
facility. For most facilities, maintenance and repair costs will be around 6% of the total 
manufacturing costs (Henley, 2005).  Because mechanical conveyors contain more moving parts 
than pneumatic conveyors, maintenance costs are much higher. Also, they are more susceptible 
to breakdowns and unscheduled downtime. More moving parts also means it is more time 
consuming and difficult to clean. Henley (2005) estimated the product cost for a traditional 
model feed manufacturing plant that utilizes a cooler and bucket elevators for a 25 t/h mill. This 
mill has a capacity that is five times greater than the 5 t/h mill used for this analysis.  Henley 
(2005) estimates the maintenance and repair variable cost to be $2/ton of feed produced. In the 
case of this analysis, 7,800 tons of feed will be produced each year which results in $15,600 for 
maintenance and repair.   
Crawley and Bell (1993) conducted a life cycle cost analysis and comparison for a dilute 
phase conveying system. The system analyzed utilized a 6-inch pipe with a 75 HP blower and 
rotary valve at an airflow rate of 5,000 ft/min.  They estimated the pipe replacement cost to be 
$24,000 a year, the maintenance (parts and labor) cost to be $11,000 a year, and the unscheduled 
downtime to be $12,000 a year. The pneumatic design in this analysis consists of five pipelines 
and five motors which would result in more maintenance and replacement parts but could also 
decrease the wear and tear on each line due to decreased throughput.  It could also reduce 
downtime as maintenance can be performed on one of the five pipelines while the other four are 
still operational.  The maintenance cost of $11,000 is less than the estimated cost of $15,600 for 
the conventional system.  This seems reasonable because bucket elevators traditionally need 
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more maintenance than pneumatic systems because of the increased number of parts. No 
estimates were found on the cost of material replacement and unscheduled downtime for the 
conventional cooler and bucket elevator system. These values were estimated at 25% greater 
than the values given by Crawley and Bell (1993) for the pneumatic system because maintenance 
and downtime is generally greater as a result of more parts and greater complexity. Due to these 
considerations and variability as to what these costs could be, these numbers were used as the 
best approximate values in the cost analysis comparison between the two systems.   
The service life of a pneumatic system is dependent upon the wear in critical areas of 
pipelines and bends due to abrasion between particles and piping. Researches have created 
predictive models of wear of materials which showed that by using the particles’ energy 
dissipated to the surface and the surface material properties, it is possible to predict the overall 
material loss from the surface. Material loss from the surface can then be used to determine the 
pipeline thickness loss to indicate the service life of the pipeline (Cenna et al., 2009). These 
predictive models are quite complex but a rough estimate is that the two bends should be 
replaced every year or so. An advantage of pneumatic conveyors is that the system only has a 
few main parts that can be repaired independent of the rest of the system which means 
maintenance is quick and downtime is limited.  
Net present value is used in capital cost budgeting to analyze the profitability of a project 
or investment. It is calculated by taking the difference between the present value of cash inflows 
and present values of cash outflows over a period of time. The cash outflows of the feed mill are 
assumed to be the same for this analysis because both systems will have the same production 
capacities. Therefore, only the cost of each system will be compared. Assuming the cost of the 
equipment is borrowed and repaid over a period of 120 months (10 years) at 7% annual interest, 
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the annual capital cost payment was calculated. The depreciation of the equipment is based on a 
15-year service life and 15% salvage value which is a general guideline for industrial 
depreciation.    
Table 7-5: Fixed and annual variable cost estimate comparison of a pneumatic vs a conventional drying, 
cooling and conveying system. 
 Pneumatic System Conventional System 
Fixed Costs 
Capital3 $456,400 $85,500 
   
Annual capital cost payment $65,400 $12,200 
Depreciation of equipment $26,000 $5,000 
Total fixed cost $91,400 $17,200 
 
Annual Variable Costs 
Energy  $63,000 $3,500 
Material replacement and labor $24,000 $30,000 
Maintenance $11,000 $15,600 
Unscheduled downtime $12,000 $15,000 
Total operational cost $110,000 $64,100 
Total Cost $201,400 $81,300 
 
Overall, both the capital and operational cost of the pneumatic system are higher than for 
the bucket elevator and counterflow cooler (Table 7-5) so no argument can be made that the 
pneumatic system is operationally more affordable. The overall total annual cost for the 
pneumatic system is 148% higher than for a conventional system. The operational costs of the 
pneumatic system are 72% higher than the conventional system due to the significantly increased 
energy cost for a pneumatic conveyor.  Since the variable costs (material replacement, labor, 
maintenance, and unscheduled downtime) are dependent on several factors, the variable cost 
differential between the two systems is minimal except for the very high energy requirements of 
the pneumatic system. The largest difference is in the capital cost of the equipment.  It is difficult 
                                                 
3 Capital cost is used to calculate the annual capital cost payment and not summed as part of the annual cost. 
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to get an accurate cost estimate as this value varies significantly due to time, contractor, location, 
etc. The maintenance cost for a pneumatic system is generally lower compared to a bucket 
elevator, and the contamination rate of the feed is expected to be lower.  Pneumatic conveying 
system have less moving parts than mechanical systems and increase human safety. The cost of 
producing contaminated feed can be quite high depending on the operation.  In some cases, in the 
interest of human and feed safety the increased cost of a pneumatic conveying system to replace 
a conventional cooler and bucket elevator system may be justified as the cost of injury or illness 
of a human or animal, or a recall due to contaminated feed can be quite expensive. 
 
 
Results and Discussion 
Figure 7-14 outlines the proposed design for the pneumatic system taking the above 
analysis into account.  The system will be a positive-pressure pneumatic system utilizing filtered 
air that operates at 19.2 psia (1.3 bar abs) with an air velocity of 5000 ft/min. The conveyer 
utilizes a diverter to direct product into five rotary valves that are each connected to separate 5-
inch pipelines. The conveying system is divided into two sections separated by a cyclone and 
rotary airlock.  The first stage is the drying section that uses heated air at 210°F (99°C) to convey 
the pellets while simultaneously drying them.  After the pellets are dried, they are transferred to 
the second stage of the conveying system where they will be cooled.  Ambient air at a pressure 
of 18.3 psia (1.3 bar abs) will be used to cool the pellets to within 5°C of the ambient 





Figure 7-14: Proposed design of each 1 t/h combination drying and cooling stage of the pneumatic conveying 
system.  
 
Due to the low solids to air loading ratio of 0.8 in the drying section and 0.08 in the 
cooling section, and high air velocity of 5000 ft/min, there will be plenty of airflow within the 
pipe for effective heating and cooling to occur quickly. In this design, the logical point to 
separate the cooling and drying stages is at the top of the vertical pipeline.  At this point the 
pellets will have traveled 70% of their total distance. It would be challenging to make the cooling 
203 
 
and drying operations the same length because of the 70’ vertical pipeline in the middle of the 
conveyer.   
The pellets travel quickly and will be in the drying section of the conveyor for 1.47 
seconds and the cooling section for 0.63 seconds.  This analysis did not consider the time that 
these operations take as this is dependent upon factors such as the shape, size, and physical 
properties (such as specific heat) of the material being conveyed. Both pelleted and mash feed 
will be produced at the ISU feed mill and can be conveyed in this system by adjusting the airflow 
rate.  This system was designed to meet the requirements for transporting pelleted feed which has 
a larger airflow requirement than mash feed.  
If mash feed is being conveyed, the power requirements will be less due to the decreased 
airflow and the system will be more cost effective. In the techno-economic analysis, the 
pneumatic system was much higher in capital cost (Table 7-5) although this number can vary 
significantly due to factors such as contractor, supplier, and location.  The actual capital cost of 
the proposed pneumatic system should be expected to be quite high because the engineering and 
design costs of this type of a system has not been constructed before. The pneumatic system was 
significantly higher in operational cost compared to the traditional system due to the high energy 
requirements for cooling the feed (Table 7-5).  Perhaps the pneumatic system may be more 
feasible if sized for mash feed which would require a smaller airflow rate and would result in 
less degradation of the feed product. 
Cooling should be a gradual process as cooling too quickly may have detrimental impacts 
on pellet quality and result in higher abrasion.  Small pellets and feed mash particles emit heat 
and moisture more quickly than large pellets.  Conveying mash feed will reduce the energy 
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requirement of the pneumatic system making it more cost competitive with the conventional 
counterflow cooler and bucket elevator system.  
 
Future Work 
Future work should focus on physically testing the proposed design. More research must 
be done on how quickly cooling and drying occurs in their respective stages, and what conveying 
distances are needed for different types of feed (mash vs pellets). The product degradation rate 
should also be measured during conveying and added to the cost analysis as this can contribute to 
increased cost for the pneumatic system, especially when conveying pellets. Additional data 
should be collected to obtain a more accurate cost estimate for both capital and fixed costs for 
the two systems. To make the conveying system more cost competitive to a traditional cooling 
and drying system, additional considerations should be made on reducing the energy needed 
during the cooling stage to reduce energy and capital costs. An additional consideration could 
also be the application of a combined positive and negative pressure system that utilizes one air 
mover to suck air from the negative pressure side and blow air into the positive pressure side.  
This has the potential to reduce the number of air movers to one for both the cooling and drying 
operations.  
Conclusions 
A pneumatic conveying system design has been proposed for the cooling and drying of 
animal feed pellets for the 5 t/h ISU feed mill. The pneumatic system is a positive-pressure 
system that conveys pellets using an air velocity of 5000 ft/min from the exit of the pellet press 
to bulk storage (a total distance of 130 feet). The pneumatic system is divided up into a drying 
stage followed by a cooling stage.  The drying section uses hot compressed air to simultaneously 
dry and convey the pellets through five 1 t/h pipelines. The pellets then enter the cooling section 
205 
 
where compressed ambient air is used to simultaneously convey and cool the pellets to near 
ambient temperature. This design has the potential to replace a conventional counterflow cooler 
and bucket elevator system commonly found in the feed manufacturing industry.  A techno-
economic analysis showed that the pneumatic design was 148% more costly than a conventional 
system due to the increased capital cost and energy requirements, however pneumatic systems 
are known to increase human and feed safety, as well as have less maintenance, repairs, and 
downtime.  
Improved feed safety is a growing concern throughout the world and conventional 
coolers and bucket elevators pose a risk for recontaminating feed. The pneumatic system 
designed in this study would decrease the likelihood of contaminating finished feed because it is 
easier to clean and harbors fewer pathogens. This pneumatic system has the potential to improve 
feed safety in ISU’s new feed mill, and would increase health and wellbeing of animals supplied 
with ISU heat-treated feed. 
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CHAPTER 8.    SUMMARY AND RECOMMENDATIONS 
The overall objective of this research was to improve biosecurity in animal feed by better 
controlling the hydrothermal treatment process and preventing recontamination. This objective 
was achieved by (1) conducting experimental trials to understand the physical conditions within 
a pilot scale retentioner, (2) creating a transient thermal model of the heat flux occurring during 
retentioning and applying the model to a commercial sized retentioner, (3) analyzing the heat and 
mass transfer balance of steam conditioning, evaluating steam utilization and industry standards, 
and conducting what-if scenarios for different conditioning parameters, and (4) designing a 
pneumatic system to simultaneously transport, dry, and cool feed mash or pellets to prevent 
recontamination after hydrothermal treatment. 
The results from the experiments showed that the airflow through the 
conditioning/retentioning system is insignificant and the overall moisture content of the feed 
mash remains relatively constant in the retentioner, therefore steam does not continue to 
condense from the headspace of the retentioner into the feed mash. The use of heating mats 
resulted in a more stable radial temperature profile of the feed mash throughout the retentioner. 
Sufficient data was collected during the experimental trials to define the initial and boundary 
conditions of a thermodynamic model of the retentioner using a transient thermal analysis to 
better understand the heat transfer and loss occurring in the system. 
The transient thermal model of the pilot scale retentioner was created using ANSYS 
transient thermal analysis. The model did not indicate any change in temperature of the feed 
mash at the mash-air interface.  The only significant temperature change of the feed mash is 
predicted to occur near the retentioner wall.  The transient thermal model showed similarities in 
trends with the data collected during the experimental trial, however there were substantial 
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differences between them. The 30 mm position had the largest difference between the predicted 
and measured temperature values with differences as high as 25.3% compared to the 60 and 90 
mm positions with differences as high as 10.7%  and 8.2%, respectively.  Acceptable percentage 
differences are typically 10% or less.  Sub-trials 1 and 6 were the only experimental trials where 
all of the data points fell within 10% or less of the model’s predicted temperature and were also 
the only two validation trials that were replicated during the experiment. The model’s predicted 
results varied from the measured results of the experimental validation trials due to some 
measurement errors and oversimplifications from assumptions. Nevertheless, the majority of the 
data (30 out of 36 data points) was within the acceptable percentage difference of 10% or less 
with the most variability occurring at the 30 mm radial probing locations. Therefore, this model 
is considered useful in analyzing additional scenarios of interest regarding retentioning. The 
model was applied to the largest retentioner size which showed a similar trend to the pilot scale 
retentioner with temperatures only varying (by up to 8%) within 30 mm from the retentioner 
wall.  
The transient thermal model is a simplified two dimensional model of the retentioner that 
predicts the effect that heating mat settings and retention time have on a feed mash of uniform 
composition at the wall-mash interface. The retentioner model is useful in analyzing the effect of 
the heating mats on product temperature and evaluating conditions for scale up. While the model 
produced acceptable results for sub-trials 1 and 6, more data should be collected under other trial 
conditions for further model validation.  An oversimplification of the model that perhaps 
influences the temperature distribution within the retentioner is the initial feed mash temperature 
profile entering the retentioner.  More data would need to be collected to model this temperature 




A mass and energy balance of steam conditioning for the second set of pilot plant trials 
and data obtained from a previous master’s thesis was conducted to analyze the moisture content, 
temperature, and steam usage in feed mills. The average steam energy utilization of both sets of 
data was calculated to be between 70-80%. The industry standard of 50 kg of steam needed to 
condition 1000 kg of feed mash was found to be closer to 60 to 70 kg of steam needed to 
condition 1000 kg of feed mash. Another industry standard suggests a 1 percentage point of 
moisture content increase for every 12.5C increase in temperature but this data found a 14 to 
16°C temperature increase for every 1 percentage point of moisture content increase. More 
research should be done to evaluate the accuracy of these guidelines with commercial scale 
equipment as both data sets were collected on pilot scale conditioners. 
A steam calculator was created and verified using the experimental data. It can be used 
by feed mill operations professionals to analyze mass and energy balances of their steam 
conditioning systems, and help them better manage steam utilization and energy consumption. 
The industry guidelines for pellet mill capacity versus steam requirements were also analyzed 
and updated to reflect pellet mill capacities for up to 100 t/h. The chart was also applied to metric 
units and different percent steam energy utilization values. “What-if” scenarios were considered 
to evaluate the impact that inlet product temperature, moisture content, specific heat, and steam 
pressure drop have on the amount of steam needed for conditioning given a desired temperature 
or moisture content. When controlling the steam flow rate to achieve a desired temperature, 
certain combinations of input factors can result in a moisture content that is much too high and 
will plug the pellet die. “What-if” scenarios illustrated that when controlling both steam flow rate 
and pressure drop between the boiler and the conditioner, the lowest energy costs occur when the 
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initial product temperature is high, the specific heat is low, and the steam enthalpy is high. The 
lowest amount of steam needed for the “what-if” scenarios occurred when the inlet product 
temperature was high, the specific heat was low, and the enthalpy of the steam was high (low 
pressure drop). Understanding of the interaction between steam and feed mash and its impact on 
the feed manufacturing process can help feed mills manage energy consumption and cost while 
achieving the desired hydrothermal treatment parameters needed to produce high quality and safe 
feed.  
A pneumatic conveying system was designed for the Iowa State University feed mill as 
an alternative to a conventional cooler and bucket elevator system while simultaneously 
transporting, drying, and cooling feed mash or pellets.  The pneumatic system consists of a 
drying section that uses five 1 t/h 5-inch pipelines to dry feed with air heated to 210°F from 17% 
to 13.5% moisture content. The dried feed is then decelerated and the hot air is removed using a 
cyclone separator. The feed then enters the cooling section that uses five 1 t/h 10-inch pipelines 
to cool the air within 5-10°F of ambient air temperature. A techno-economic analysis was 
conducted to compare the annual net cost (capital and operational) of the pneumatic system to 
the conventional system. The operational cost of the proposed pneumatic system was estimated 
to be 72% higher than the conventional system due to the increased electricity cost. However, 
pneumatic conveyors typically have less maintenance and downtime than conventional systems 
because they have fewer moving parts.  The capital cost estimate of the pneumatic system was 
434% higher than the conventional system. While the overall cost of the pneumatic system was 
determined to be higher than the conventional system, the pneumatic conveyor has the potential 
to significantly reduce the costly risk of recontaminating hydrothermally treated feed as coolers 
are the second highest contaminated location within feed mills, and bucket elevators are difficult 
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to clean and carry over product between batches.   Regardless of the cost, this pneumatic system 
has the potential to improve feed safety in ISU’s new feed mill, and would increase health and 
wellbeing of animals supplied with ISU heat-treated feed. 
Future work should focus on physically testing the proposed design. Specifically, how 
quickly cooling and drying occurs in their respective stages, and what conveying distances are 
needed for different types of feed (mash vs pellets). The product degradation rate should also be 
measured for different types of feed and diets during conveying and added to the analysis as this 
can contribute to increased cost for the pneumatic system, especially when conveying pellets. 
Additional data should be collected to obtain a more accurate cost estimate for both capital and 
variable costs for the two systems.  To make the conveying system more cost competitive to a 
traditional cooling and drying system, additional considerations should be made on reducing the 
energy needed during the cooling stage to reduce energy and capital costs.  
The overall objective of engineering approaches to increase biosecurity in feed 
manufacturing was achieved by creating and validating a transient thermal model of a retentioner 
that can confirm the desired heat treatment effect to reduce pathogens is achieved. Steam 
conditions were analyzed and guidelines and tools were created for industry to better manage 
steam utilization and achieve the appropriate hydrothermal treatment effect assure feed safety. A 
design for a pneumatic conveying system to replace a conventional cooler and bucket elevator 
system was evaluated to decrease the risk of recontaminating feed after hydrothermal treatment. 





APPENDIX A.    RETENTIONER VALIDATION TRIALS 
The content of Chapter 4 was not included in the final copy of this thesis because the 
research collaborator Bühler Group indicated before the start of this research that data collected 
in their pilot plant facility was confidential information that could not be published. Therefore, 
























APDL Initial Conditions 
Load step 1 
!******************************************************************************** 
!*** RADIAL TEMPERATURE PROFILE OBTAINED FROM MAPDL EDITOR                    *** 
!******************************************************************************** 
*DEL,_FNCNAME    




*DEL,_FNCCSYS   
! 
!*** FUNCTION NAME 





!*** TEMPERATURE AT THE CENTER [°C] 
*SET,_FNC_C1(1),79.7  
! 
!*** TEMPERATURE AT THE BOARDER [°C] 
*SET,_FNC_C2(1),79.7   
! 




! /INPUT,Tinit.func,,,1  
*DIM,%_FNCNAME%,TABLE,6,13,1,,,,%_FNCCSYS%   
!    
! Begin of equation: Tcntr+(Tbrdr-Tcntr)*sqrt({Y}^2+{Z}^2)/(Diam/2)  
*SET,%_FNCNAME%(0,0,1), 0.0, -999    




*SET,%_FNCNAME%(6,0,1), 0.0  
*SET,%_FNCNAME%(0,1,1), 1.0, -1, 0, 1, 18, 2, 17 
*SET,%_FNCNAME%(0,2,1), 0.0, -2, 0, 2, 0, 0, 3   
*SET,%_FNCNAME%(0,3,1),   0, -3, 0, 1, 3, 17, -2 
*SET,%_FNCNAME%(0,4,1), 0.0, -2, 0, 2, 0, 0, 4   
*SET,%_FNCNAME%(0,5,1), 0.0, -4, 0, 1, 4, 17, -2 
*SET,%_FNCNAME%(0,6,1), 0.0, -2, 0, 1, -3, 1, -4 
*SET,%_FNCNAME%(0,7,1), 0.0, -2, 16, 1, -2, 0, 0 
*SET,%_FNCNAME%(0,8,1), 0.0, -3, 0, 1, -1, 3, -2 
*SET,%_FNCNAME%(0,9,1), 0.0, -1, 0, 2, 0, 0, 19  
*SET,%_FNCNAME%(0,10,1), 0.0, -2, 0, 1, 19, 4, -1    
*SET,%_FNCNAME%(0,11,1), 0.0, -1, 0, 1, -3, 4, -2    
*SET,%_FNCNAME%(0,12,1), 0.0, -2, 0, 1, 17, 1, -1    
*SET,%_FNCNAME%(0,13,1), 0.0, 99, 0, 1, -2, 0, 0 










!*** DEFINE INITIAL TEMPERATURE FOR AIR [°C] 
d,air,temp,85.2 
 
!*** DEFINE INITIAL TEMPERATURE FOR BARREL [°C] 
d,barrel,temp,95 
 
!*** DEFINE INITIAL TEMPERATURE FOR MASH USING ABOVE FUNCTION Tinit 
d,mash,temp,%Tinit% 
 
Load step 2 
!******************************************************************************** 
!*** RELEASE INITIAL CONDITIONS & SET BOUNDARY CONDITION IN LOAD STEP 2       *** 
!******************************************************************************** 
 





!*** DEFINE BOUNDARY CONDITION AT BARREL WALL [°C] 
d,wall,temp,95 
 





















APPENDIX C.    STEAM CONDITIOING ANALYSIS 
Steam Flow Rate Conversion 
 
























Steam Valve Opening (Bit)
Steam Flow Rate Conversion
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Kg of Steam per 1000 kg Feed 
Table C-1: kg of steam per 1000 kg of feed for each Gilpin sub-trial 
  
CPM, 12% CPM, 14% Bliss, 12% Bliss, 14% 
1 short 71 77 65 62 
short 83 74 58 60 
short 71 70 48 52 
short 64 79 52 67 
long 67 66 55 61 
long 79 83 60 68 
long 85 68 66 50 
long 56 72 55 46 
2 short 73 67 65 72 
short 71 63 64 66 
short 56 62 56 61 
short 53 62 47 54 
long 74 69 65 79 
long 72 70 63 62 
long 75 72 62 77 
long 50 61 44 64 
3 short 71 74 68 65 
short 64 76 55 60 
short 56 63 62 57 
short 55 59 50 61 
long 67 84 68 63 
long 71 77 72 65 
long 58 67 70 59 























































































































































































































1 short 280.1 127.09 0.7 15 96.0 1931.8 68.2 51.5 65.9 61% 128% 
short 327.4 148.55 0.8 15.9 112.2 1911.4 88.6 67.0 65.9 59% 98% 
short 280.97 127.48 0.9 15 96.3 1931.8 68.2 51.5 65.9 61% 128% 
short 252.78 114.69 1 15.2 86.7 1927.3 72.7 55.0 65.9 70% 120% 
long 266.67 120.99 0.7 16.8 91.4 1890.9 109.1 82.4 65.9 81% 80% 
long 314.8 142.83 0.8 15.4 107.9 1922.7 77.3 58.4 65.9 58% 113% 
long 336.3 152.59 0.9 15.8 115.3 1913.6 86.4 65.3 65.9 57% 101% 
long 220.3 99.95 1 15.6 75.5 1918.2 81.8 61.8 65.9 85% 107% 
2 short 289.81 131.49 0.7 16.5 99.4 1897.7 102.3 77.3 65.9 72% 85% 
short 280.2 127.13 0.8 17.1 96.1 1884.1 115.9 87.6 65.9 80% 75% 
short 222.2 100.82 0.9 16.6 76.2 1895.5 104.5 79.0 65.9 95% 83% 
short 210.33 95.43 1 16.5 72.1 1897.7 102.3 77.3 65.9 99% 85% 
long 291.99 132.48 0.7 17 100.1 1886.4 113.6 85.9 65.9 76% 77% 
long 284.16 128.93 0.8 16.2 97.4 1904.5 95.5 72.1 65.9 71% 91% 
long 296.83 134.68 0.9 16.4 101.8 1900.0 100.0 75.6 65.9 69% 87% 
long 199.19 90.38 1 16.6 68.3 1895.5 104.5 79.0 65.9 106% 83% 
3 short 282.23 128.05 0.7 17 96.8 1886.4 113.6 85.9 65.9 78% 77% 
short 252.13 114.40 0.8 16.5 86.4 1897.7 102.3 77.3 65.9 83% 85% 
short 221.32 100.42 0.9 16.2 75.9 1904.5 95.5 72.1 65.9 91% 91% 
short 217.76 98.80 1 15 74.7 1931.8 68.2 51.5 65.9 79% 128% 






long 280.4 127.22 0.8 16.8 96.1 1890.9 109.1 82.4 65.9 77% 80% 
long 229.41 104.09 0.9 16.3 78.7 1902.3 97.7 73.8 65.9 89% 89% 
long 263.43 119.52 1 17 90.3 1886.4 113.6 85.9 65.9 84% 77%           
Average: 77% 95%           
Short retention time 71% 103%           
Long retention time 83% 87% 
 























































































































































































































1 short 305.43 138.58 0.7 18.6 104.8 1893.0 107.0 80.9 62.6 68% 77% 
short 293.84 133.32 0.8 18.5 100.9 1895.3 104.7 79.2 62.6 70% 79% 
short 276.92 125.64 0.9 18.5 95.1 1895.3 104.7 79.2 62.6 75% 79% 
short 314.72 142.79 1 18.2 108.0 1902.3 97.7 73.9 62.6 63% 85% 
long 262.13 118.93 0.7 18.1 90.0 1904.7 95.3 72.1 62.6 75% 87% 
long 328.51 149.05 0.8 18.2 112.8 1902.3 97.7 73.9 62.6 61% 85% 
long 269.04 122.07 0.9 18.7 92.3 1890.7 109.3 82.7 62.6 79% 76% 
long 285.97 129.75 1 18.6 98.2 1893.0 107.0 80.9 62.6 73% 77% 
2 short 266.99 121.14 0.7 18.7 91.6 1890.7 109.3 82.7 62.6 79% 76% 
short 248.14 112.59 0.8 18.5 85.2 1895.3 104.7 79.2 62.6 83% 79% 
short 245.63 111.45 0.9 18.8 84.3 1888.4 111.6 84.4 62.6 87% 74% 
short 245.03 111.18 1 18.1 84.1 1904.7 95.3 72.1 62.6 80% 87% 
long 271.88 123.36 0.7 18.5 93.3 1895.3 104.7 79.2 62.6 76% 79% 
long 277.16 125.75 0.8 18.6 95.1 1893.0 107.0 80.9 62.6 75% 77% 
long 285.78 129.66 0.9 17.6 98.1 1916.3 83.7 63.3 62.6 64% 99% 






3 short 295.4 134.03 0.7 18.4 101.4 1897.7 102.3 77.4 62.6 69% 81% 
short 302.43 137.22 0.8 17.4 103.8 1920.9 79.1 59.8 62.6 59% 105% 
short 251.59 114.15 0.9 15 86.4 1976.7 23.3 17.6 62.6 46% 356% 
short 234.24 106.28 1 16.9 80.4 1932.6 67.4 51.0 62.6 71% 123% 
long 331.93 150.60 0.7 18.4 113.9 1897.7 102.3 77.4 62.6 61% 81% 
long 303.54 137.72 0.8 17.8 104.2 1911.6 88.4 66.9 62.6 62% 94% 
long 266.99 121.14 0.9 17.4 91.6 1920.9 79.1 59.8 62.6 67% 105% 
long 241.71 109.67 1 18.4 83.0 1897.7 102.3 77.4 62.6 84% 81%           


































































































































































































































1 short 257.9 117.01 0.7 15.2 88.5 1927.3 72.7 55.0 62.6 66% 114% 
short 229.13 103.96 0.8 15.4 78.6 1922.7 77.3 58.5 62.6 77% 107% 
short 189.81 86.12 0.9 15 65.2 1931.8 68.2 51.6 62.6 88% 121% 
short 207.01 93.92 1 14.8 71.1 1936.4 63.6 48.1 62.6 78% 130% 
long 217.26 98.58 0.7 16.3 74.6 1902.3 97.7 73.9 62.6 92% 85% 
long 236.79 107.44 0.8 15.2 81.3 1927.3 72.7 55.0 62.6 72% 114% 
long 260.09 118.01 0.9 15.4 89.3 1922.7 77.3 58.5 62.6 68% 107% 






2 short 258.85 117.45 0.7 16.2 88.8 1904.5 95.5 72.2 62.6 76% 87% 
short 254.82 115.62 0.8 16 87.5 1909.1 90.9 68.8 62.6 75% 91% 
short 221.37 100.44 0.9 15.7 76.0 1915.9 84.1 63.6 62.6 83% 98% 
short 184.63 83.77 1 14.8 63.4 1936.4 63.6 48.1 62.6 87% 130% 
long 258.16 117.13 0.7 17.8 88.6 1868.2 131.8 99.7 62.6 92% 63% 
long 251.33 114.03 0.8 16.1 86.3 1906.8 93.2 70.5 62.6 77% 89% 
long 244.25 110.82 0.9 15 83.8 1931.8 68.2 51.6 62.6 68% 121% 
long 175.13 79.46 1 15.2 60.1 1927.3 72.7 55.0 62.6 98% 114% 
3 short 268.25 121.71 0.7 17 92.1 1886.4 113.6 86.0 62.6 81% 73% 
short 219.09 99.41 0.8 16.4 75.2 1900.0 100.0 75.7 62.6 92% 83% 
short 247.8 112.43 0.9 15.6 85.1 1918.2 81.8 61.9 62.6 73% 101% 
short 196.95 89.36 1 16 67.6 1909.1 90.9 68.8 62.6 97% 91% 
long 268.52 121.83 0.7 16.8 92.2 1890.9 109.1 82.5 62.6 79% 76% 
long 286.28 129.89 0.8 17.9 98.3 1865.9 134.1 101.4 62.6 83% 62% 
long 276.85 125.61 0.9 16 95.0 1909.1 90.9 68.8 62.6 69% 91% 
long 250.23 113.53 1 15 85.9 1931.8 68.2 51.6 62.6 66% 121%    
0 
      
Average: 79% 101%           
Short retention time 77% 104%           
Long retention time 81% 99% 
 























































































































































































































1 short 244.76 111.05 0.7 18.9 84.0 1886.0 114.0 86.2 62.6 89% 73% 
short 237.86 107.92 0.8 18 81.6 1907.0 93.0 70.4 62.6 81% 89% 






short 264.02 119.79 1 17.5 90.6 1918.6 81.4 61.6 62.6 69% 102% 
long 243.52 110.49 0.7 17.3 83.6 1923.3 76.7 58.1 62.6 72% 108% 
long 271.62 123.24 0.8 17.1 93.2 1927.9 72.1 54.5 62.6 63% 115% 
long 199.03 90.30 0.9 17.4 68.3 1920.9 79.1 59.8 62.6 90% 105% 
long 180.91 82.08 1 19 62.1 1883.7 116.3 88.0 62.6 121% 71% 
2 short 287.04 130.24 0.7 19.4 98.5 1874.4 125.6 95.0 62.6 80% 66% 
short 263.36 119.49 0.8 17.6 90.4 1916.3 83.7 63.3 62.6 70% 99% 
short 240.24 109.00 0.9 17.9 82.5 1909.3 90.7 68.6 62.6 80% 91% 
short 216.2 98.09 1 17.3 74.2 1923.3 76.7 58.1 62.6 81% 108% 
long 312.6 141.83 0.7 17.9 107.3 1909.3 90.7 68.6 62.6 61% 91% 
long 247.2 112.16 0.8 17.3 84.9 1923.3 76.7 58.1 62.6 71% 108% 
long 307.26 139.41 0.9 17.7 105.5 1914.0 86.0 65.1 62.6 61% 96% 
long 255.52 115.93 1 17.3 87.7 1923.3 76.7 58.1 62.6 69% 108% 
3 short 256.65 116.45 0.7 18 88.1 1907.0 93.0 70.4 62.6 75% 89% 
short 238.5 108.21 0.8 18.4 81.9 1897.7 102.3 77.4 62.6 86% 81% 
short 227.67 103.30 0.9 16.2 78.1 1948.8 51.2 38.7 62.6 65% 162% 
short 241.02 109.36 1 17.1 82.7 1927.9 72.1 54.5 62.6 71% 115% 
long 248.53 112.76 0.7 17.3 85.3 1923.3 76.7 58.1 62.6 71% 108% 
long 257.7 116.92 0.8 17.8 88.5 1911.6 88.4 66.9 62.6 73% 94% 
long 234.39 106.35 0.9 17.3 80.5 1923.3 76.7 58.1 62.6 75% 108% 




   














Pilot plant data 



























































































































































































































1 0.9 69 76.5 12.9 16.5 52.1 862.8 37.2 28.1 26.8 53% 95% 
2 1.8 76 75.0 12.9 16.9 57.4 1717.3 82.7 62.5 52.1 100% 83% 
3 2.4 118 76.6 12.9 16.9 89.2 2289.8 110.2 83.3 71.6 87% 86% 
4 0.9 69 77.0 13.7 17.6 52.1 859.3 40.7 30.7 27.1 55% 88% 
5 1.8 73 75.8 13.7 17.6 55.2 1718.7 81.3 61.5 52.9 104% 86% 
6 2.4 131 79.7 14.2 17.7 99.0 2302.6 97.4 73.6 75.7 75% 103%           









Pellet Mill Capacity vs Steam Requirements (Metric) 
 

























Figure C-5: Sheet one of the steam energy calculator created as an Excel spreadsheet. 
 
  
Inlet Product Temperature: N/A °C
Outlet Product Temperature: N/A °C
Inlet Product Moisture: %
Outlet Product Moisture: %
Specific Heat of Mash: N/A kJ/kg-°C Thermal Properties of Grain and Grain Products
Enthalpy of Steam: kJ/kg steam calculator *use the steam calulcator link to detemine the enthalpy of the steam from the pressure and temperature
Product Mass Flow: tonnes/hour
Steam Mass Flow: kg/hour
Energy in Steam kW
Mass flow of product into 
conditioner kg/h
Mass flow of steam 
condensed kg/h
Energy of steam condensed kW
Energy for feed mash 
temperature increase kW
Percent Steam Energy 
Utilized %
Temperature - Moisture 
Content Energy Balance %









Pressure-Enthalpy Diagram for Water and Steam 
 
Figure C-6: Pressure-enthalpy diagram for water and steam (Demirel, 2016)
